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PBEFACE. 



This Treatise is little more than the substance of a set 
of Lectures given by me in the summer of 1872, at the 
request of the Head Master, to the 6th Form Boys of the 
Surrey County School. 

]Mfy aim was to lay before them — lads of from sixteen 
to eighteen, soon about to quit school for active life — ^not 
a popular account of recent discoveries or theories, such 
as abound in periodicals and books for the young, but 
such an exhibition of the principles and methods of 
modem science, and of some results obtained therefrom, 
as might show them the use of the mathematical groimd- 
work in which they had been carefully instructed, and 
perhaps induce some of them to pursue their own scien- 
tific education after leaving. 

Finding afterwards that the subject was to be made % 
part of the annual examination in 1873, 1 made up my 
notes, that the Examiner might see what the course had 
been. He thought they might be usefully worked up 
into a fuller treatise : I took advice from other competent 
judges ; and on the whole thought the experiment worth 
trying. 

Since that time various works have appeared in 
English, going over much of the same ground. But I 
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VI PREFACE. 

have not seen any the object of which seemed to be pre- 
cisely that at which I aimed. I hope, therefore, that, 
unless the fault be in the execution, my work may still be 
found useful. 

I may add that I have received not only encourage- 
ment, but also much valuable advice and criticism, from 
those whom I have consulted ; more especially from my 
friend the Eev. H. W. Watson, who kindly looked over 
the whole treatise in its original draft. But, as I have 
not always accepted the suggestions made to me, but have 
adhered to such methods of exposition as seemed, after 
consideration, most satisfactory to my own mind, I am 
entirely responsible, not only for errors of execution, but 
for the plan of the whole work. 

The Doctrine of Energy — of its 'Conservation,' and 
the ' Correlation ' of its several kinds — is* one that binds 
together all the Physical and Physiological Sciences, by 
showing that a principle pervades them all which is 
strictly analogous, perhaps identical, with a long-known 
Proposition in Dynamics. 

It appears to me, therefore, that it cannot be satisfac- 
torily taught, or steadily apprehended, except as an 
extension or application of that science. And as I do not 
suppose it reasonable to assume a full, or, indeed, much 
knowledge of Dynamics in schoolboys, even of the highest 
Forms, I think it absolutely necessary to begin with going 
pretty thoroughly into first principles, so as to make the 
conceptions of ' Work Done ' and ' Energy of Motion ' and 
their mutual relation perfectly clear. 

But the question how far the mathematical treatment 
shall be carried, and at what point the student must be 
called upon to accept results on the teacher's authority. 
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is not one capable of a definite answer good for all 
occasions. 

I have myself ventured (I am told) rather far, as the 
learners I had primarily in view are those under the 
guidance of a teacher, who can use a discretion, omitting 
the proofs and confining his class to an appreciation of 
results, when he thinks it necessary. But I have endea- 
voured to guide the solitary student, by throwing into 
foot-notes, or at least smaller type, such investigations as 
seemed both likely to alarm him and possible for him to 
pass over lightly. If ever an occasion occurs for revision of 
the work, this division may be carried farther, as expe- 
rience may suggest. 

These observations refer principally to my use of alge- 
braical formulas, as in the sections on Connected Systems 
and Elastic Impact, or elsewhere. In the sections on 
Varying Forces and on Potential Energy I have ventured 
on what to me appeared much the most formidable of my 
tasks — ^an elementary exposition of what, in truth, is the 
conception known to mathematicians as the characteristic 
of ^ Forces with a Potential.' And yet I do not think it 
can be shirked : the conception of ' Energy of Position ' 
essentially depends upon it. Experience must decide 
whether I have been successful. 

Passing on from this old doctrine to the modem dis- 
coveries which complete the theory, I have based the 
extended Proposition entirely on Experiment ; and I have 
endeavoured to describe such leading facts and experi- 
ments (or at least their nature and principles) as may 
suffice to establish the equivalence between Djnojmcal 
Energy and changes in Thermal, Physical, and Chemical 
Condition. Here the difficulty is, in these days of rapidly 
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progressing knowledge, to keep clear of erroneous and 
obsolete theories, and to give details true as far as they 
go ; so that, in the words of Professor Huxley, the student 
' may learn, with a fair prospect of having but little to 
unlearn.* 

Lastly, I have endeavoured to give the young student 
some conception of the possibility of explaining the Cor- 
relation of Energies, thus experimentally established, by 
the theory that all phenomenal changes are really, in; 
themselves, changes of motion and position among the 
molecules or ultimate atoms of substances. I hope I 
have succeeded in presenting this section distinctly as 
exhibiting a probable surmise, which may be false with- 
out vitiating the doctrine previously developed. 

D. D. HEATH. 

KiTLA2n)s, November 1, 1874. 
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INTRODUCTORY. 

The full meaning of any term expressing a physical 
conception can only be apprehended after some familiarity 
with the class of phenomena with which it is concerned. 
In order, however, to give the student a general notion of 
the subject of this treatise, we may define Energy to be — 

* The Capacity, or Power, of any body or system of 
bodies,, when in a given condition, to do a certain 
measurable quantity of work ' ; that is, to change its own 
condition and that of other bodies, exhausting its power 
by the using of it. 

Some familiar examples will illustrate this : 

(a.) A clock, when wound up, has energy, by the 
lowering of its weight, to give its parts motion, over- 
coming their friction, &c., untU it has run down. 

The clock will not start, perhaps, without help — ^with- 
out a tap given to the pendulum ; but the capacity, the 
amount of change that can be produced, does not depend 
on this, but clearly on the amount of windvng. 

(6.) A coal, burning in the air, has energy to convert 
itself into the products of combustion, water, carbonic 
acid gas, &c., producing heat during the operation. 

B 



2 INTRODUCTORY. 

Here, again, the coal will not begin its action without 
help — a lighted match, for instance. But the match bums 
itself out, and the coal bums itself out ; and the energy of 
the latter is, coeteris paribus, proportional to the quantity 
of coal. 

(c.) A cannon-ball in motion has energy, if so directed, 
to pierce a target, or to raise itself in the air, &c., greater 
the greater the initial velocity ; but the exact relation 
between its initial state and total capacity for work is not 
so obvious. 

We can see clearly enough that the burning coal and 
the cannon-ball impinging on an obstacle are producing 
change in the condition of surroimding objects, while 
their own ' energy ' is thus being spent : the heated room 
and the broken target exhibit * external work ' as the result. 
And we shall see hereafter that this is true also of the 
clock running down, and in all cases of imcompensated 
exhaustion of power in the original agent. 

But internal change may be conspicuously going on in 
a body or system of bodies, while external effect is quite 
or almost inappreciable. 

Thus a pendulum set swinging in the exhausted 
receiver of an air-pump (with due precautions taken in the 
suspension) will go on oscillating for days perhaps, and 
without perceptible flagging for some thousands of oscilla- 
tions together. And we can imagine, though not actually 
produce, a * perfect vacuum,' and an arrangement for 
support or suspension, without friction or stiffness ; under 
which circumstances this action may be supposed to con- 
tinue for ever. The Planetary Motions are another more 
nearly perfect instance. The Earth, for instance, changes 
its distance from the Sun, alternately approaching and 
receding from it, with no slackening that we have as yet 
been able to detect by the nicest observations. 

It must, however, be carefully noted that in every 
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such case this * internal work ' is alternate in character. 
The bob of the pendulum is always changing its condition, 
passing from one extreme, characterised by the maximum 
of elevation with tio motion, at the moment when it is 
passing from its upward to its downward course, to the 
other extreme of Tnaximum motion at the lowest point 
the bob can reach. And in all intermediate stages it has 
Tnore or less of motion, according as it has less or more 
of elevation. We may, then, distinguish between the 
' capacity for raising itself,' which it has in virtue of its 
state of motion (like that of the cannon-ball), and the 
' capacity for giving itself motion,' which it owes to its 
elevation (as the clock can run itself down) ; and we may 
describe this continual action as consisting in the alter- 
nate exhaustion and renewal of each of these two kinds 
of Energy. 

With this explanation, then, it is equally true of 
'internal' action — that is, of the relative and mutual 
changes of the parts of what we consider as one system — 
as of * external,' where the action may extend over an 
indefinite range ; that (so far as our examples go) each and 
every energy, every capacity or power of work, exhausts 
itself as it does its proper work. 

Now the Physical Truth which this treatise is intended 
to expound is this : — 

Every kind of change which takes place in bodies and 
systems of bodies, whether due to their internal or to their 
mutual actions, can be represented numerically by refer- 
ence to one certain standard unit of change, or work done, 
in such wise that the result of the passage of any system 
from one condition to another may be calculated by mere 
additions and subtractions, even when we do not know how 
the change came about. And if such result be positive 
— ^that is, more additive than subtractive — the system has 
gained so much total energy (or power to do work of 

B 2 



4 INTEODUCTORY. 

some kind) at the expense of some other system; if 
negative — that is, more subtractive than additive — then 
it has, so to say, parted with so much energy and handed 
it over to some other system. A change which adds 
energy to the system is *work done upon it'; when the 
energy is found to have been diminished it has 'done 
work ' on some other system. Thus, winding up the 
clock is doing work upon it, exhausting our own muscular 
energy in the operation : giving motion to the cannon- 
ball exhausts the power of the gunpowder. All this will 
become clearer as we proceed. 

The principal, changes which occur in inorganic 
nature — that is, in everything around us not referable to 
animal or vegetable life — may be, conveniently for our 
purpose, roughly classed as : — 

{a) Motions and changes of position of bodies ; either 
as of ivholes retaining the relative position of their parts, 
or among their component parts. These may be called 
Dynamical Changes. 

(b) Changes of temperature : or. Thermal Change. 

(c) Changes in the internal condition of the body ; as 
expansion, change from solid to liquid, or liquid to 
gaseous — which are, in a narrow sense of the word, called 
Changes of Physical Condition. 

(d) Changes of Electric Condition. 

(e) Changes in the way of Composition and Decompo- 
sition of the CheTYiical elements^ of which all bodies are 
made up ; or Chemical Change, 

When we speak hereafter of Dynamical, Thermal, 
Physical (or internal ), Electric, and Chemical Energy, the 
student will understand that, in general, we refer to 
capacities for work of some kind which the bodies or 
systems possess in virtue of their condition as to motion 
and position, temperature, &c., respectively. For example, 
a piece of coal may be in motion, and so act dynamically, 
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INTRODUCTORY. 6 

like the cannon-ball ; this would be Dynamical Energy. 
But it can also bum, and in burning may, as we shall see, 
do various kinds of work — ^heat a room, or convert ice 
into water, &c. : whatever the nature of the work done 
in burning the energy is chemical. 

We will now take a typical series of changes, each 
engendered by its predecessor, and explain the application 
of our proposition to the whole series. 

Imagine then :-— 

I. A quantity of water at rest in an elevated reservoir 
with a sluice-gate. 

II. The sluice opened, allowing the water to fall 
(vertically, or in a sloping channel), gaining velocity as it 
loses height. 

III. The falling water encountering a water-wheel, 
whereby it loses some of its own motion, and imparts 
motion to the wheel and machinery connected there- 
with. 

IV. Heat produced by collision or friction, both where 
the water clashes on the wheel, and wherever there are 
rubbing surfaces ; and most sensibly at the grinding sur- 
faces of the mill-stones. 

V. The mill-stones, working in a chamber of water, 
heating it up to ^ boiling point.' 

VI. When this point is reached, the water will not 
rise any more in temperature, but will gradually pass into 
steam. 

VII. The steam so generated works a steam-engine. 

VIII. Which works an electric machine : — that is, it 
turns a glass cylinder which, as it turns, rubs on one side 
against a properly prepared cushion (the ' rubber ■ ), and 
on the other passes close in front of some metallic spikes 
connected with a large metallic surface (the ' prime con- 
ductor'). Heat is produced, as in all cases of rubbing ; 
but, besides this, the prime conductor becomes ' electri- 
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cally charged,' that is, it will exhibit all the ordinary 
properties of an electrified body. 

IX. If a metallic knob project from the conductor and 
the hand be held near it, a spark of fire will flash between 
the knob and the hand, and a shock be felt. If, instead of 
this, a thin wire be carried from the conductor to moist 
earth, the wire may become sensibly heatedl In either 
case, the conductor is discharged, to be chargied again by 
the action of the steam-engine. 

X. If the discharging wire, or a wet thread, is carried, 
with a slight break, through a drop of water mixed with a 
little sulphuric acid, on its way to the earth, it will show 
less heat, but will to a small extent decompose the water 
into its two component elements^ the gases oxygen and 
hydrogen. 

XI. This decomposition will be so small in amount in 
any practicable case, that the series would close here. But 
we can imagine the experiment performed on so gigantic 
a scale as to make it sensible ; or another process, of a less 
familiar kind, may be adopted, in which no ordinary fric- 
tion (as of the rubber and glass) occurs, and therefore the 
purely electric effect is greater.* 

XII. The oxygen and hydrogen thus set free may be 
recomposed — that is, the hydrogen gas burned in the 
oxygen — and steam again produced, which might work a 
pump, and so help to replenish the reservoir, the emptying 
of which has been the cause of all these changes, which 
will all cease when the reservoir is emptied, or the sluice- 
gate shut. 

Our proposition then is, that we may represent 
numerically (1) the power to produce changes which the 
water in the reservoir has in virtue of its quantity and its 

* The picture is from Jenkin's 'Electricity and Magnetism/ p. 281 ; 
hilt a detailed account would not be intelligible except to those familiar 
with the science. The steam-engine is applied to give a rotation to the two 
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height above the mill-wheel: (2) how much of the 
power due to motion the water gains as it loses height in 
falling : (3) how much in motion, and how much in heat, 
it gives to itself and to the mill-wheel when it clashes on 
it; (4) how much heat goes to turn water into steam : 

(5) what the st«am loses in working the steam-engine : 

(6) how much the steam-engine is retarded by working 
the electric machine and producing heat and decomposing 
the water. 

And further, that the Bum of all the eSects bo produced 
by the falling of a given quantity of water down the given 
channel will be equal to the loss of energy, or capacity to 

bobbins, B and B„ round wbjcb ia coiled ao ituutated irire (covered vith silk, 
or it might be gutta-percha, as in Submarine lelegrapbio cables), and inside 
of which are cons of soft imn. This apparaCuH revolres in front of a 



bocse-shoe magnet ; and, though there is no contact or friction, a stiff 
resistnace is eiperieuced, and the coils, &C., become heated. And if now 
the two ends of the wits, seen at tt„ are carried into the cup of water, the 
decompositian will be considerabl<L 
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continue to produce such changes, caused in the reservoir 
of water by its gradual emptying. 

Note, — If nothing were lost or otherwise disposed of 
on the way, and we could hand over to the final pump all 
the energy taken from the water in the reservoir, it would 
just restore the water to the reservoir at the same rate at 
which it parts with it ; and there would thus be 'perpetual 
motion ' kept up in the complete system, — the same ideal 
state as in our imaginary pendulum. 

But this is, in fact, impossible. Heat is necessarily 
produced all through the machinery where there is clash- 
ing or rubbing, which goes oflf to surrounding bodies and 
contributes nothing to boiling the water and working 
the steam-engine. And, even if we suppose all clashing 
of unequal motions avoided, and all surfaces 'perfectly 
smooth,' and no radiation of heat from the surface of the 
vessel containing the grindstones, &c. — all which conditions 
may be more or less approximated to, though they cannot 
be attained — still the working of the steam-engine and of 
the electric machine necessarily and essentially (not as it 
were accidentally) requires the production of heat that 7Mt6«^ 
be thrown away (not destroyed, but taken out of the d/r- 
cwit of operations we are considering) ; in the one the 
heated steam which works the piston must be either cooled 
in the condenser, or sufiered to escape into the air ; and 
in the other, the friction of the glass and rubber must 
heat their surfaces as well as produce electrical charge. 
Some considerable part, therefore, of the original energy of 
the system, which we may consider as stored up in the 
reservoir, must leave the system in the form of heat, and 
does not contribute to keep the system going perpetually. 

And it is worth observing, too, that even if we could 
get what is called a perfectly ' conservative system ' — -one 
of which our pendulum would be the simplest form, if 
we could absolutely get rid of friction and air — it would be 



mmODUCTOEY. 9 

only 8elf~8uffiAdng ; could do nothing, could produce neither 
heat nor any other action beyond its own system. 

Having thus expounded the general meaning of the 
terms used, and the fundamental propositions of the doc- 
trine of Energy, we must, before proceeding to give the 
proofs of its truth, obtain clear conceptions of the primary 
physical quantities, and establish our standards of measure- 
ment of Matter, Force, Heat, and Work. 
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FUNDAMENTAL UNITS. 

To measure any quantity is to find its proportion to some 
known quantity of the same kind. 

We can recognise sameTiess, or equality in point of 
quantity, by a simple judgment of our sensations — as, for 
example, that two sheets of white paper are equally illu- 
minated, or two trumpet-blasts equally loud : or we can 
assure ourselves that one sheet is brighter, or one sound 
louder, than the other. But we can only directly measure 
numbers of identical things and proportiona of space and 
time, or, perhaps, more accurately speaking, of space only. 
We can, for instance, distinctly understand and verify the 
assertion that this line is twice as long as that, or that 
this volume is one-third of that ; or that this body moves 
"twice as fast as that, if it moves over twice the distance in 
the same time. But we cannot attach a clear meaning to 
the statement that this surface is twice as bright as that, 
except by first agreeing to measure quantity of light by 
reference to the number of candles, or to some effects which 
will be found ultimately to resolve themselves into measure- 
ment of space or time. 

Our business, then, is so to form and define our concep- 
tions of the fundamental changes in nature, dynamical, 
thermal, &c. (so far as we are concerned with them in this 
exposition), as to make them amenable to this mode of 
comparison. 
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MASS AND FORCE. 

When using the language of science we mean the same 
thing, whether we speak of the ^ mass ' of any body, or of 
the ^'quantity of matter ' in it. 

Now, so long as we are only dealing with one particular 
kind of matter — say the metal platinum — there is nothing 
abstruse about the meaning of the latter phrase, or the 
method we should adopt for measuring it. We should 
take, arbitrarily, some known portion of platinum as our 
unit of TThoss : which is what our Legislature has done, 
defining as the 'standard avoirdupois pound' a certain 
lump of platinum, which is kept in a Government oflBce. 
Then the quantity of matter in any other piece of platinum 
will be so many times, or such a portion of a pound as its 
' volume,' or the space it occupies, is of the space occupied 
by the unit. Only, as we know that the same quantity of 
platinum expands and contracts, however slightly, under 
different circumstances, we must, if we would be quite 
accurate, before making our measurements, take care to 
reduce the masses meant to be compared to a fixed standard 
of temperature, and of all other conditions which are found 
to alter the volume of the material. 

But we cannot even attach any meaning to the ques- 
tion, * How much iron or water contains as much matter as 
the 1 lb. of platinum ? ' without selecting, as the term of 
comparison, some measurable quality common to all sub- 
stances, which reduces itself to mere volume when only one 
kind in one condition (as the platinum) is considered. 

The most natural test, according to the popular use of 
language, may be weighty and we might say that all 
quantities of different materials which balance the 1 lb. 
of platinum on the scales ahaU be called pounds also, and 
be said to have the same mass. 
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This is, in fact, the practical test usually applied, 

/and it is justifiable, and leads to no confusion, because 

^eocperiment shows that changes of shape, temperature, 

&c. make no difference in the weight, and that masses 

jthat balance each other at one place do so everywhere 

pise. 

But mass is not the same thing as weight. 

Weight is the strength of the downward tendency of 
any body, and may be tested by the extent to which it 
will press down a given spring which is made to support 
it. And this, for the same quantity of matter (platinum 
or other), varies in different places, at tops of mountains, 
or down in mines, or in different latitudes. Could we 
take 1 lb. up 4,000 miles high, and find what spring it 
would there depress by one inch, it would require four 
SRch springs to support it down here. 

In truth, when we weigh iron, &c. against platinum, 
/ we are comparing their efficiency, under precisely similar 
circumstances, to produce motion or change of position in 
the scales. And the full scientific test and definition of 
^ equality of mass ' is * identical behaviour in respect of 
forces^ or causes of motion.' We must therefore combine 

tie study of the measurement of Force with this extended 
eaning of the word Mass. 
All notions about force and motion were in almost 
utter confusion until the discovery of the ^ laws of motion,' 
more especially of the First Law, which was not only ui^- 
known till the times of Galileo, but may be said to be the 
very contrary of what was before then believed. It may 
be thus stated : — 

The rate and the direction of motion with and in which 
(respectively) a body is moving at any moment is to be 
considered as part of its actual condition at that moment, 
which it will retain until some adequate cause changes 
either the * velocity ' (rate), or the direction, or both. We 
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may reasonably enquire how it got the motion it lias, as 
we may how it came by its shape, or its temperature, &c., 
and, again, under what circumstances it will change any of 
these properties ; but not why^ having got them, it keeps 
them. 

Thus, if a sliding stone goes slower and slower, we are 
to look for the cause and law of retardation in something 
outside, and we find it in the friction of the ground and 
the resistance of the air. As these diminish the retarda- 
tion of the motion goes on with less and less rapidity. So, 
when we find a planet continually changing the direction 
of its motion, circling round the sun, we find the degree 
of curvature, as well as the change of velocity, to be 
dependent on the position and distance of the sun. 

There is no motion within our atmosphere, and, 
perhaps, none in nature anywhere, unaccopapanied by 
friction and resistance; and we certainly know of none 
uninfluenced by causes tending to alter it ; for all por- 
tions of matter seem to act and react on each other. 
But these mutual influences can counteract one another, 
as when we place a body on a flat table to counteract 
gravity ; and we can almost indefinitely diminish friction 
and resistance of air ; and we can imagine, at least as an 
ideal case on which we may reason, 'perfectly smooth 
surfaces' and 'perfect vacuum,' under which conditions 
the First Law of Motion only would give the rule ; — in 
other words, the motion would be imiform and straight so 
long as these conditions continued. 

Note. — ^There is no need to explain the meaning of 
' direction ' or ' velocity ' when a body is moving uniformly 
in a straight line. When the motion is in 
a curve, we mean by the ' direction at a 
given point ' of the curve the direction of 
the straight line which lies nearer to the curve at that 
point than any other : what in geometry is called the 
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tangent to the curve. And, in like manner, by the ' velocity 
at a given time ' we mean the uniform velocity which is 
deviating less from the motion of the body at that time 
than any other. And the First Law tells us that if, in 
the first of the examples we have given, the rough surface 
were suddenly to become perfectly smooth ; or if in the 
second the sun were suddenly annihilated ; then the stone 
or the planet, as the case might be, would go on moving 
with the velocity and direction belonging to them respec- 
tively at the instant, defined in this way. 

\Mien, then, any body undergoes change in the velocity 
or direction of its motion, we have to look for the cause 
in surrounding circumstances ; and these circumstances — 
in other words, the positions and conditions of other 
bodies — are said to ^ exert force 'on it ; or it is * subject 
to the action of Force.' 

No doubt the original sense of this and equivalent 
words was connected with the sensations we have when 
pulling, pushing, throwing, or arresting a mass ; in short, 
stravning ourselves. And its use may probably have been 
first extended to cases where the influence or action of inani- 
mate bodies most reminds us of our own physical condition 
when thus exerting ourselves : to trees bent by, and while 
bent resisting the wind; to stones pushed onwards by 
streams ; to stretched or bent springs recoiling, &c. But 
we cannot reduce to measure the intensity of sensations. 
And moreover the influences of body on body in nature 
cannot always be — notably, the most imiversal of all these 
influences, the force of gravitation, has not as yet been — 
shown to be at all analogous to these pressures, strains, 
jerks, &c. 

Our scientific measure of Force, therefore, must not 
be foimded on any conjectured state of stravn or the like, 
subsisting (say) in the space between the sun and the 
earth — although the case we shall take as our type or 
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example of force is one of this nature — ^but solely on 
the observed eflfects— the changes of motion that ensue. 

Place the unit of mass — the 1 lb. of platinum — on a 
perfectly smooth horizontal table ; it will have no ten- 
dency to move. If a string be attached to it and pulled 
horizontally, it will give it motion in the direction it is 
pulled ; and if, after a time, the string be cut, it will (First * 
Law) leave the mass moving in the direction and with the 
velocity which it had acquired at the instant of the sever- 
ance. The string has ' exerted force ' on the mass. 

Now, if the string be elastic it will be stretched while 
exerting force ; and, if we suppose the string unaltered in 
its qualities throughout our experiments, the force it is 
exerting may be said to be the same whenever the stretch 
of the string (that is, the addition to its length) is the 
same, however the stretching may be caused ; as by 
manual force, by hanging a weight to the other end over 
a pulley, by the attraction of a magnet on a knob of 
iron attached to that end, &c. The greater the stretch 
the greater the force, but not necessarily in proportion 
to the stretch.* 

We have supposed our string visibly elastic ; but in 
truth all strings and other materials do alter in length 
when pulled, however slightly; and it is by their 'elasti- 
city,' or tendency to return to their imconstrained condition, 
that they become the instruments of transmitting — so to 
say — the pull of the hand, &c. to the mass meant to be 
moved. In truth, the string, in virtue of its stretch, 
exerts the force on the body ; we exert force on the string 
to stretch it. 

Note, — This is the principle of the Dynamometer^ 
which may be seen in use in trials of ploughs and other 

* We are here talking of a particular string. When speaking of different 
strings, * the stretch ' means the proportion of the extension to the original 
length. 
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implements or machines. A spring is interposed between 
the torse and the plough, and a comparison of the effect 
upon it in the way of unbending, or stretching out the 
coil, or otherwise, when different ploughs are dragged 
through the same soil, shows their comparative merits in 
respect of draught. 

Definition. — If when the string, kept at uniform, 
stretch, and in one direction, acts on unit of mass for one 
second of time, and is then cut, the mass is found to be 
moving at the rate of one foot per second (which is the 
English standard unit of velocity) — then the string, when- 
ever and under whatever circumstances it is found equally 
atretchedy is said to be exerting the unit of Force, or Force 
(1). And any other arrangement of surrounding circum- 
stances which produces the same effect on the mass in the 
same time' is similarly said to exert Force (1) upon it. 

Place now m units of mass side by side on the table, 
and attach to each a string exerting this force, all parallel 
in direction. The m masses will begin to move in 
parallel directions, and at the same rate ; and no alteration 
will be made in their motion if we suppose them all glued 
together while thus moving side by side. Therefore m 
units of force, or a force (m), is required to give to a mass(m) 
in 1* the same velocity that force (1) gives to mass (1). 

We might have taken any other sized lump of platinum 
and carried on our experiments for any other length of 
time and distance, and have got to the same relative 
conclusions. So that we may generalise, and say that 
' Forces which, acting for the same time on different 
masses, give them the same velocities^ are proportional 
to the masses they respectively act upon.' 

And we might have used any other material — iron, 
water in a vessel, &c. — instead of platinum, and have come 
to similar conclusions. 

And so we have obtained the common measm-able pro^ 
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perty of matter which we are in search of, and may define 
Mass generally by saying that ' the unit of mass is that 
quantity of any material to which force (I) gives velo- 
city (1) in time (1)' ; and that, generally, ' the mass of 
any body is proportional to the force which, so acting, gives 
it velocity (1).' 

As has been already mentioned, the expansion or con- 
traction of the volume of any material, which commonly 
takes place with varying temperature or pressure, is 
found to make no dynamical difference; that is, the 
stretch of string required to give it a determinate velocity 
is unaffected. If therefore we use the word * Density ' to 
denote the inverse ratio of the volume of the unit of mass 
of any material in any condition of temperature and pres- 
sure to that of the unit of platinum in its standard con- 
dition, we shall have Mass = Volume x Density ; and this 
agrees with the original meaning of the word, as used in 
respect of any particular compressible material. 

Note, — Alteration of shape, or of the place of attachment of 
the string, may produce effects of rotation on the body, but would 
leave all that is here said as to the rate of progression of the 
whole equally true. The investigation of this subject belongs to 
the higher mathematics, but is based on and entirely consistent 
with the elementary principles here laid down. 

We have now obtained numerical determinations or 
measures of Mass and Force, and might proceed to Heat. 
But it may be better here to complete our elementary 
conceptions of Force, in its relation to varied velocities and 
directions as well as to Mass, before leaving the subject. 



SECOND LAW OF MOTION. 

The effect of a given Force acting on a given mass for 
a given time and in a given direction (that is, always re- 
presentable by a string stretched in a direction parallel to 

c 
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and concurrent with its original line of action) is the same 
(estimated in that direction), whether the mass be origi- 
nally at rest or in motion, or be acted on or not by other 
forces at the same time. 

To make this intelligible, we will proceed from simple 
to complex cases. And, first, when the motion and the 
force are in one line. 

(a) Let a mass be moving (under Law 1) in a straight 
line with an uniform velocity (F) ; so that in every period 
of ^" it will move through Vt feet. Then let a string act 
upon it for a time ^, in the same line in which it is moving, 
and be kept, by whatever means, at a constant stretch such 
as, had the body been at rest, would in that time have 
caused it to move through a distance (s), and have left it 
moving with a velocity {v). 

Our Law says that, if the force be concurrent with the 
original motion (that is, acting so as to give motion in the 
same direction), the body will, at the end of the time, have 
actually passed over the distance Fj^ + ^^andbe left moving 
with the velocity V+v ; and if the force is opposing the 
motion (acting in the opposite direction), then the respec- 
tive distances and velocity will be Vt—s and V—v. 

In this last case, if the force act long enough, it will end by 
overcoming the motion in the original direction, and impressing 
an opposite one on the body ; and this will in time bring it back 
to, and then carry it beyond the starting-point. I^ is easy to see 
that after the backward motion has begun the velocity in the re- 
versed direction will be v^V; and that after the body has 
passed its original starting point, the distance passed over in the 
reverse direction will be s— . Vt. According to the usual con- 
vention about the meaning of the negative sign in the apphca- 
tion of algebraical symbols to geometry, the formulas, as above 
given, will still apply : Vt—s when 8 is greater than Vt meaning 
«— Fit reckoned backwards ; and similarly of v — F. 

(b) If several strings, at different constant stretches, 
be acting simultaneously, some concurrent with and some 
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opposing the original motion, then, in like manner, the 
space moved over (measured in the original direction) will 
be found by adding to Vt the distances by which each 
concurrent force would have carried the body onwards, and 
subtracting from' the sum the distances due to the op- 
posing forces, and so of the velocity.* 

Note. — The principles established in (a) and (6) 
enable us to generalise our conception and measurement 
of Force, and to state numerically the result of the action of 
any force (F) acting for any time {t) on any mass (m), when 
the motion is in one straight line. Thus : — 

By Force {F) we mean, according to our definition, any 
force equivalent to that exerted by F strings each stretched 
so as to be competent to produce velocity (1) in P on 
mass (1) supposed at rest: and it will, we know, give 
velocity (1) to mass (F) (p. 16). We now know that 
these i^ strings acting simultaneously on mass (1), con- 
currently with its actual motion, will in the same time 
' accelerate ' (that is, increase) its velocity by {F). 

So that the numerical measure of a force may be, 
indiflferently, defined either by the mass to which it will 
in 1' add velocity (1); or by the velocity it will add to 
mass (1) in that time. 

Again, to produce velocity {F) on mass (m) will require 
force {m F) ; and force (m F) may be treated as the sum of 
m, forces eaclf equal to F. As, then, these m equal forces 
produce velocity jP, each acting separately would (by our 

F 1 

law) produce velocity — (that is — th part of the 

effect). 

That is, velocity produced in P by force {F) on mass 

(m) is — 
m. 

* The connection between (e) and the force and time will be shown 
farther on. 

c 2 
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And as much will be added in each second that it acts, 
so that i{ V be the velocity acquired in time {t\v = — , 

or 7nv=^Ft. 

The quantity (m v) is what Newton called the ' quan- 
tity of motion ' in the mass m when moving with velocity 
v^ taking the motion in the unit of mass moving with 
unit of velocity as the unit of motion. Modern writers 
call it the ' Momentum.' And we see that a force {F) 
acting for a time {t) on any mass produces a momentum 
Ft ; and that if a mass (m) be moving with velocity {y\ 
then it may have attained that condition by the action of 

any given force whatever {F) acting on it for a time ^, 

or may have attained it by a force acting for any given time 
whatever (t), if that force be taken of the magnitude — . 

When a mass in motion comes very suddenly to rest, as in 
the case of collisions, a very large force F has acted for an 
imperceptibly small time. 

We now proceed to the illustration of our Second Law 
in other cases. 

(c) If besides the forces 
acting along the original 
line of motion, a b [as in (a) 
and (6)] a new force, repre- 
sented by a string always 
kept stretched in a given 
direction, a c — that is, kept 
always parallel to a c — 
begins to act, our Law is to be understood as follows : — 

Had the original forces and velocities subsisted alone^ 
the body would, after a time, have arrived at some point 
B on the line a b, and have there a velocity v in the 
direction of the motion, the position and velocity being 
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determined as above indicated : had the original motions 
and forces not existed and the body been at rest, it would 
in the same time, by virtue of the new force alone, have 
arrived at some point c, in a c, the line of action of this 
force, and have a velocity xf determined as above. 

Then the actual position of the body at the end of the 
i^ will be at d, on the line b d drawn parallel and equal to 
AC: as if the body had consecutively moved, first for t^ 
under the first conditions only, from A to B, and then (those 
first conditions and motion entirely ceasing) had moved 
for ^ under the second condition only from b to n ; or 
(which comes to the same thifig) had first moved from a c 
under the second conditions, and then from c to n under 
the first. 

And the direction and velocity of the motion with which 
it will be left at d is determined on the same principles, 
thus : — 

Had the first set of conditions alone existed it would 
have had a velocity v in the direction of d e (that is, in 
the continuation of a b parallel to d e) : had the other 
force only acted, it would have a velocity v' in the direc- 
tion D F parallel to a c. If d e and d f be the distances 
it would travel over uniformly in the next second under 
each condition separately, it will, according to the prin- 
ciples above explained, be found after 1* at g, the farther 
angle of the parallelogram n e G F ; and will have moved, 
and will continue to move, in the direction of the diagonal 
n G, with a velocity which is to v and to v' respectively as 
D G (the space actually moved over in 1") is to n e and 
n F. 

(d) And so, if any number of forces be acting in dif- 
ferent directions, the same rule applies. Thus, if a third 
force has been acting always parallel to the line a k, 
such as would, acting alone, have brought the body to k, 
with a velocity v^^ the actual place will be at h, n h being 
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drawn parallel and equal to a k ; and the final velocity 
will be proportional to h n, the diagonal of the parallel- 
ogram formed by taking h l equal and parallel to d g 
^^ which represents the velocity due to the first two sets of 
conditions, as above explained), and h m, the distance which 
could have been travelled over in 1" in virtue of the third 
force. 

Corollary. — If two forces F and F act on a body in 
two directions, such as d e and d f, and n e and n f are 
taken proportional to their magnitudes, the effects of each 
will always continue proportional, and the motion will be 
the same as that of a single force acting in the direction 
of the diagonal d g, and proportional to it in magni- 
tude. 

Note. — We began with measuring the force acting on 
a mass by the effect it produces on its velocity. But the 
study of the Second Law of Motion shows us that we may 
without incongruity extend our conception of Force, so as 
to consider a mass to be imder the influence of forces where 
no change of motion is taking place, measuring the forces 
by the effects which would follow^ if the circumstances 
were partially altered — that is (if we suppose the forces to 
be represented by stretched strings), by the effect which 
each string, at its existing stretch, would produce if all the 
others ceased to act. Thus, if tjiree forces are acting on a 

mass in several directions, parallel and pro- 
portional in magnitude to the three sides of 
[| ^^ a triangle taken in consecutive order, it is 

easily seen that, on the principles abovei 
explained, the resultant effect is zero ; and 
no motion ensues. 

And so, more generally, when a mass alters the velocity 
and direction of its motion, it is indifferent, as far as the 
result is concerned, whether we represent the action by one 
string stretched to the extent and in the direction which 
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would produce the actual motion ; or by any number of 
strings stretched in different directions, whose combined 
action, calculated as above explained, would be equivalent 
to that of the single string. 

The one force which represents the .combined action of 
several is called their ' Resultant ; ' the two or more whose 
combined action is represented by that of one are called 
its ' Components.' To ' resolve ' a force into others in 
given directions is to find forces in those directions whose 
combined action is equivalent to it. 

iVbfe.— When we are only consideriDg the efEects of several 
forces on the same body, it is convenient to take this body, 
temporarily, as the imit of mass, and measure the forces by 
their power of accelerating it per second of time. This is 
called the * accelerative measure ' of the forces in reference to 
this body, and a force so temporarily measured is called an 

* accelerative force ; ' and, in contradistinction, the measure by 
reference to the standard unit is called the * moving force.' 

Now, it has been shown by the experiments of Galileo and 
others, that all bodies, large or small, heavy or light, fall to the 
ground from rest at the same rate, when the resistance of the air 
is insensible or got rid of; though that rate varies a little (as has 
been said) at different places. That is to say, the * accelerative 
force ' of gravity is the same on all masses ; and therefore its 

* moving force ' on any mass is proportional to that mass. This 
experimental j&ct it is which entitles us to ascertain the mass of 
every body by weighing it (see pp. 11, 12). 

It is usual to denote the force of gravity on the unit of mass 
by the letter g, which therefore varies somewhat according to 
the place, but is always a little more than 32 on or near the 
surface of the earth ; and g is, therefore, also the accelerative 
force of gravity. 
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THIRD LAW OF MOTION. 

Action and reaction are equal and opposite. That is, 
whenever one body is found exerting a force on another, 
that other is exerting an equal force in the same line, 
but in the opposite direction, on the first. As equal 
forces acting on different masses for the same time pro- 
duce velocities inversely proportional to the masses (or, 
which is the same thing, produce equal momenta^ it 
follows that, if motion ensue, the larger mass will move 
more slowly. (See p. 20.) 

An example or two will bring out all the meanings of 
this law. 

A magnet attracts iron, and the iron attracts the 
magnet equally. If each be placed on a separate piece of 
wood, and they be floated on water, they will be seen to 
approach ; the larger mass moving slowly, the smaller 
faster. If they neither of them had any motion impressed 
upon them at first starting, when they come together 
they will come to rest^ each pressing equally towards the 
other and destroying, by this opposing force, the momen- 
tum which the other had. If one mass had been started 
with a velocity, and therefore a corresponding momentum, 
this momentum must remain to the end in the whole 
system, because (the forces being at each instant equal 
and opposite) the new momenta which each produced 
during their action were equal and opposite, and so there 
has been no force to destroy the first impressed momentum. 
Therefore, the joined masses will go on in the direction of 
the first impressed motion, but at a slower rate, so as to 
keep the same momentum* 

* If m and m^ be the two masses, and v the velocity impressed on w, 

then mv is the first momentum. If u be the final of velocity of the two, 

{m + m')u is the final momentum. These must be equal, and therefore 

m 
u^ ,v. 



^m^^'^^^^^^^mm^^^^^^^^m^mK^^^^mmmmmmmmmi^^mm 



THIRD LAW OP MOTION. 25 

The wood, at the point of contact, is in fact always com- 
pressed, however slightly, by the mutual pressure ; and we may 
conceive the action better by imagining a spring, or other visibly 
elastic material, interposed. The magnet is pressing on its end 
of the spring to get at the iron ; the spring is pressing against 
the magnet to regain its natural state ; and these two forces are 
equal and opposite. So at the other end, between the iron and 
the spring. And, finally, the pressures on the spring in opposite 
directions at its two extremities must be the same, or one would 
prevail, and the whole apparatus move on. 

It is to be observed that the usual way in which we 
speak of gravity or weight, as merely a tendency downwards, 
would seem to imply a force acting on the stone, &c., with 
no reaction. But the truth is, as Newton and others showed, 
that the stone exerts the same force on the earth that the 
earth does on the stone. But the velocity given to the earth 
is quite insensible, owing to its size. 

Note. — The statement of the First Law of Motion, as 
bidding us treat the rate and direction of the motion of 
any body as part of its actual condition, seems necessarily 
to imply a reference of that motion to Space, conceived as 
absolutely fixed ; and the effect we attribute to Force, and 
by which we profess to measure its intensity, is the change 
produced, not in apparent but in this absolute motion, by 
surrounding circumstances. 

And yet we are directly sensible only of relative 
motions. If we are shut up in a ship's cabin, and the 
motion is perfectly uniform, otir senses do not reveal its 
existence. And if we can look out of the cabin-window at 
distant objects, we can only say that there ?'« motion : — 
whether of ourselves, of these objects, or of both combined, 
our eyes cannot tell. 

But the student may see that, if we take the Laws of 
Motion to be true, we may reason from them, and apply 
conclusions to relative motion, while ignorant of what the 
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actual motions are ; and, in many cases, may by their aid 
detect real motion in apparent rest, or resolve apparent 
motions into a combination of real ones. 

Suppose, for instance, a vessel moving with absolutely 
uniform and rectilinear motion along a river. (We must 
conceive it as acted on by the wind or some other agent 
tending to impel it and accelerate its velocity, while the 
resistance of the water tends to retard it ; and our sup- 
position is that these two tendencies balance each other, 
and produce a resultant zero (see p. 22), leaving the First 
Law to govern the motion.) 

If now we step from the shore on to the deck, supposed 
perfectly smooth, we shall apparently slip backwards ; in 
truth remaining at rest while the vessel moves forward 
under us. If the deck is sufficiently rough it will prevent 
this relative motion : we shall feel a shock and tendency 
to fall backwards ; and finally the force of friction will 
act upon us until it has equalised our velocity and that of 
the vessel ; after which we shall go on with it by the First 
Law under the influence of no force whatever : not because 
we are in the ship — for we should go on with the same 
motion if the ship were annihilated — but because the sur- 
face of the deck did^ once for all, exert force upon us. 

If now the vessel's speed be checked, we shall ex- 
perience the reverse effect, and be apparently thrown 
forward. Or if, without alteration of speed, the vessel 
were to roimd a corner, the passengers would be forced by 
friction, with more or less of a jerk tending to throw them 
towards the outer edge, to alter their coutse also. And 
these bodily experiences woidd suffice, to a careful and 
well-trained observer, to indicate changes in the absolute 
motion of the vessel, without looking at all to the cor- 
responding apparent and relative changes between ship 
and shore. 

Again, suppose that while we and the ship are moving 
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uniformly, under no force or balanced forces, we make the 
experiment with the smooth table, mass, and stretched string, 
with which we illustrated the nature of Force and Laws of 
Motion. We should be measuring effects by the apparent 
motions on the moving table, and thence draw our infer- 
ences as to mass, force, &c., as above, neglecting all con- 
sideration of the fact that table, string, and mass were 
moving independently of our actions. And our conclu- 
sions would, nevertheless, be correct. The strings, which 
we keep apparently parallel to their original direction, are 
really so : and the effect produced hy them will, by the 
Second Law, be the apparent, not the total and absolute, 
motion. But if during the experiment the ship is from time 
to time altering its velocity or direction, our experiments 
will result in a jumble of confusion, unless we can make 
out what these alterations have been. 

These simple examples will, it is hoped, be enough 
to illustrate this point, and remove difficulties which 
might occur to a thoughtful student new to the sub- 
ject. He may consult Newton's Preface to the *Prin- 
cipia ' for more illustrations ; and may hereafter learn how 
the diurnal rotation of the earth — which is analogous to 
pur ship continually turning a corner — can be detected on 
these principles. 

He may also be led to perceive that the unhesitating 
faith with which men trained in physical research accept 
the great laws of nature does not, in general, rest on the 
conviction brought by one or two special experiments, how- 
ever carefully made, but on the way in which they are 
found to fall in with and harmonise observations of the 
most complicated facts. While the ancients believed that 
bodies, when no force is acting on them, either come to 
rest or move to some particular place appropriated to 
them in the universe, and distinguished between the mo- 
tion of a body carried in a vessel and that of the vessel 
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which carries it as essentially different phenomena, no- 
thing but confusion could arise from the most acute 
reasoning based on these suppositions: the true laws 
make the reasoning easy and the results consistent. 



MEASUREMENT OF HEAT.* 

It will be seen from the typical series of actions set forth 
for our consideration, that we have principally to deal 
with the production of heat, and its effect on the physical 
condition and the motion of matter. But we take our 
measure from its simpler and more obvious action — that 
of passing from body to body according to their difference 
of temperature as shown by the thermometer. It may 
be as well to observe, for those who have heard or read 
nothing of modern research, that our thus speaking, as 
in familiar discourse, of the passage of heat from body to 
body, does not imply — what no one now believes — that it 
is a material thing. We speak as readily of one body 
imparting some of its motion to another when it impinges 
on it. And we shall see reasons for thinking that the 
transference of heat is something analogous to this. What 
is required, to justify our language and method, is to show 
that we can get such . a definition and measure of the 
quantity of heat so passing as shall enable us to state 
consistently all the laws of phenomena of this kind. 

We define, then, the unit of heat as that which 
passes to or from 1 lb. of water when it is raised from 
the temperature 60^ Fahr. (ix. on the common English 
scale, in which freezing-point is 32*^ and boiling-point 
21 2o) to 61^ or reduced from 6V to 60°. The heat ne- 
cessary to raise 2 lbs. of water thus much is two units, and 

* Only what is necessary for our purpose is set down here. The student 
is referred to Professor Maxwell's or other treatises for a fuller exposition. 
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SO on. And we must show, or at least indicate, the kind 
of observations and experiments which will suffice to prove 
that this leads to no confusion. 

Suppose we take an urn-heater of known size, and heat 
it to an ascertained temperature, and then find that it 
exactly heats the water in the urn from 60° to 61° before 
it loses all its own excess of temperature and comes down 
to the common level of 60°. If now a quantity of some 
other material, say mercury, of a known lower temperature, 
be poured into the water and stirred in it, and the quan- 
tities be so adjusted that, on finishing the operation, the 
whole attains the common temperature of 60° — supposing^ 
such precautions taken that no perceptible amount of heat 
passes out of the vessel into surrounding space, or that due 
allowance can be made for what inevitably will so pass — 
then the water has imparted to the mercury, according to 
our definition, all the heat it received from the heater. 

Therefore, for our method to hold good, if the heater 
be employed to heat the same quantity of mercury directly, 
instead of circuitously through the water, it ought to do 
so to exactly the same amount. And experiments of this 
kmd — that is, involving the same principle and test — have 
been made, — ^and with this result. 

It is foimd that the same quantity of heat, when 
applied in this way to heat different materials, does not 
raise equal masses of them through the same number of 
degrees. Water requires more heat than most sub- 
stances : what will raise 1 lb. of water 1° will raise about 
30 lb. of mercury or 9 lb. of iron by the same amoimt. 
Neither will the unit of heat raise 1 lb. of water by exactly 
1° F. if it starts at any other temperature than the 
standard we have assumed of 60° ; though the difference 
is small. There is, therefore, no such foretelling, from a 
few first principles, like the Laws of Motion, what other 
work the unit of heat can do, besides the work by which 
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we have agreed to define it. Only it ia necessary, for our 
method to be a proper one, that when we have experi- 
mentally formed a scale of equivalents of temperature and 
heat for all known materials at all points of the, scale of 
temperature — that is, of the rise of temperature produced 
by the expenditure of an unit of heat upon the unit of mass 
of every substance at every temperatiye (as above of iron, 
mercury, and water at 60° F.) — they should be found con- 
stant and interchangeable in any order of operation : as 
was seen in the case of heating mercury, either directly 
by the heater or circuitously through the medium of the 
water. 

But, in all such experiments, we must be careful that 
no other work is done besides heating. Thus, if we heat 
water in an open vessel, we not only do eo, but simulta- 
neously evaporate some of it. We must, then, either 
learn how to make allowance for this extra work or make 
our experiments in a closed vessel. Experiments and ob- 
servations of the moat various kinds have long been made, 
and this branch of the science of heat is fully established. 
Note. — As we sballhave occasion, in subsequent sections, 
to suppose quantities of heat 
measured, and it is desirable 
that the student should have 
some definite conception of 
how this is done, it may be 
as well here to describe one 
kind of ' calorimeter,' or 
apj^ratUB for measuring 
quantity of beat, instead of 
referring him to other trea- 
tises. Although, strictly 
speaking, principles are in- 
volved and assumed which will have to be more distinctly 
proved farther on, yet they are so simple and fiimiliar 
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that no diflBculty will be felt. These principles are that 
heat may be applied to melt ice, instead of warming water, 
and that, while that operation is going on, the ice retains 
one fixed temperature (32® F. or 0** Centigrade), and 
that a definite quantity of heat is always spent in melting 
a definite quantity of ice : viz. 144** unita of heat to melt 
1 lb. of ice at 32°. 

In the figure the innermost chamber is intended to 
receive the body or material which is giving out the heat 
intended to be measured. This is surrounded by two cham- 
bers, communicating with two separate vessels, and each 
filled with broken ice, at melting.-point (32® F.) ; and 
the room where the experiment is made is kept at some 
higher temperature. The chambers are parted by very 
thin sheets of good conducting metal, and we may, for 
our purpose of illustration, suppose that they simply let 
the heat pass from chamber to chamber without abstract- 
ing any sensible quantity. 

Then the warmth of the room keeps the ice in the 
outer chamber at the fixed temperature, and so no heat 
passes inwards or outwards between it and the middle 
chamber, which is also at 32®. The heat from the material 
under experiment, therefore, alone passes out of the inner- 
most to the middle chamber, and there produces no in- 
crease of temperature, but melts ice in proportion to its 
quantity. And this quantity is ascertained by measuring 
the quantity of water that is collected in the vessel under it. 

It will be seen that neither evaporation nor rise of 
temperature is caused ; and so the whole heat lost by the 
material is employed in the one work of melting ice, and 
the conditions required above for accuracy are completely 
satisfied. 
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MEASUREMENT OF WORK DONE. 

The doctrine which is here meant to be explained, 
illustrated, and as far as may be proved, is, that we can 
compare numerically all the physical changes, such as 
have been mentioned, which depend one on another, and 
which are, therefore, said to be each 'the work of the 
preceding condition of the system we are considering. 
The first step must be, to select one such change the most 
obviously capable of being estimated quantitatively ; and 
we find this in what is, in the most popular sense, known 
as dcykig work and, at the same time, exhaibsting power. 

Suppose we have to raise a given weight from the 
ground to a given height. 

We may do this (whether by a direct pull or by a 
windlass) with a steady slow strain, starting with the 
slightest possible jerk, and landing it with just as slight a 
relaxation of upward pull ; so that, beginning with rest, 
it ends at rest, and has had no considerable velocity at 
any time, and that the whole permanent change produced 
by our exertion is a change of position^ brought about 
against the force of gravity. We know well enough, by 
our feelings, that this work tends to exhaust us ; and in- 
vestigation shows us that our nerves, blood, and tissues 
are chemically affected by it, and require restoration by a 
supply of food. The calculation of all this would be very 
complicated, and indeed uncertain, but it is obvious that 
the raising of two or more weights, or of the same weight 
to double or a greater height, may always be effected by an 
exactly proportional exertion — b^ two persons using two 
windlasses in the first case, for instance, and by continuing 
the winding twice as long in the second. So that, if there 
he such a ataridard as we are seekmg^ we may take this 
kind of work for it, as the simplest. And, accordingly, 
in practical engineering the unit of work is defined as — 

The raismg of 1 Ih. weight to the height of 1 ft. And 
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the raising of m lbs. weight to the height (h) will, on this 
scale, be m h. 

. For the present we suppose the operation performed, 
under the conditions above specified, by a very slow 
strain, beginning and ending with rest, so that any velocity 
communicated in the course of it is not only transient^ 
but may be conceived to be throughout insensible, and 
therefore need not be noticed, as disturbing our conception 
of the operation. We shall see hereafter that it is not 
really necessary to make this supposition as regards the 
conclusion we are aiming at. 

This unit is known as the * foot-pound ' unit. We may 
generalise and conceive work to be done against any other 
constant force, still under the same specified conditions : 
for example, dragging a plough on a level against the 
friction of the furrow. The force exerted may be tested 
by a dynamometer (p. 15). 

Suppose it to be F, then the operation will be equiva- 
lent, so far as the exertion or expenditure of power goes, 

F 

to that of lifting a mass - against gravity to a height 

if 

equal to the length of the furrow, and will be numerically 

F 

- X length of furrow. When looked at as changing the 

condition of the weight and the plough respectively there 
is a great diflference, which we shall have to consider 
hereafter. 

In purely scientific treatises, in which the forces are 
measured as we have explained and defined (p. 15, &c.),it is 
more systematic, and therefore better, to take as the irnit 
of work the pidling or pressing against the unit of force 
through the unit of distance. In this ' absolute ' scale of 
measurement the work on the plough will he F x distance 
ploughed ; the ' foot-pound ' will be g ; and the raising 
mass (m) to height (h) will be grah. In this treatise, 
when ' foot-pounds ' are not mentioned, this absolute scale 
is understood to be referred to. 
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DYNAMICAL ENEEGY. 

I. ENERGY OF MOTION. 

Eecurring now to our first instance, we may effect the 
very same result — of raising the weight from rest on the 
ground to rest (momentary rest, at all events) at a given 
height, by a very different kind of exertion — ^by a jerk of 
the arm, or the explosion of gunpowder just sufficient for 
the purpose ; that is, by giving to it, by any Tneans 
whatever, a proper velocity upwards, and then leaving it 
to itself —the case of the cannon-ball. In other words, 
the possession of velocity, howsoever acquired, gives to 
any mass an vntriTisic energy capable of effectuating for 
itself the same change in its position, against the force of 
gravity, or any other force that may oppose its motion, 
which can be produced upon it by the application of the 
hand, &c, ; the mode of action being different in the two 
cases put, but each agreeing in the fact that the working 
energy is spent as it works. We ought, then, to be able 
to find some such measure of the ' Energy of Motion ' of 
any mass in motion as that one unit of the energy ex- 
pressed on this scale shall give it a capacity for doing one 
unit of work, and so in proportion. And this we can do 
by the help of the principles we have already established. 
Let a mass (m) be moving at any instant with velocity 
F, and let a force, F, act against it in the line of its motion 
for a time t ; and let s be the distance moved over, and 
V be the velocity at the end of that time. 

The force is here diminishing the motion, and the 
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diminution in the time t is given (p. 1 9, &c.) by the equation 

m{V - v) = Ft (a) 

Again, as the force subtracts equal velocities in equal 
times throughout, the average velocity with which the 
body has moved during the time t is the arithmetical 
mean, or half-way, between the initial and final velocities ; 

that is, And therefore the distance travelled, or 

8y = — Z — t (b). Eliminate t (by multiplying equations 
(a) and (6) together, and dividing by t\ and we have 

If the action is allowed to go on until it has completely 
exhausted the original velocity and consequent energy ; 
that is, until v becomes = o, we have for the distance (S) 
through which the mass m, with initial velocity F 
can force its way against the force F before it comes to 

, m F^ rro 

rest, — '— =ac jfo. 
2 

Now, F8 is the work done, measured on the absolute 

scale, when the body is moved through this distance, 

against this force, by an external agency which does not 

m F^ 
leave it with any momentum (p. 33). The quantity — - — 

therefore measures the capacity of the mass (m) with 

initial velocity ( F) to eflfect the same change, and must be 

taken as the total ' Energy of Motion ' which it possesses. 

It sometimes goes by the name of the 'vis-viva,' and it 

may be described as half of the product of the mass by 

the square of its velocity, or of the momentum by the 

velocity. 

When the force acting is that of gravity its amount is m g^ 
proportional to the mass on which it is acting (p. 23). In this case 

D 2 
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our formula becomes z= gS; and the height to which a 

cannon-ball shot up vertically will rise depends simply on its 
initial velocity, and = — , which is therefore the foot-pound 

measure of energy of motion. But if, instead of this case, we 
take that of the cannon-ball penetrating a target, the resistance 
of the materials will depend, not on the mass, but on the size 
and shape of the ball — principally upon the size of its transverse 
section — and other circumstances. If we suppose this resistance 
to be the same at each point in the thickness of the target, 
whether the ball be moving fast or slow — that is, if we take it as 
a constant force — the penetration will be proportional to the 
energy, as we have measured it : a ball twice as heavy, and 
moving twice as fast, will penetrate eight times as far before 
coming to rest. 

But this is not all that we can learn from equation 
{A), — — is, we have seen, the Energy of Motion of the 

body in the position it has when first considered ; and 

is the Energy of Motion which it has after moving through 
the distance (s) against the force {F). The difference 

— - — — — — - is, therefore, the Energy of Motion which 

it has expended, or lost, in forcing itself along this 
distance : and this we see, = Fs. 

Now, this is precisely the amount of energy that is 
required simply to carry it through this distance against 
this force, starting it and leaving it with no motion in it. 
That is, the Energy of Motion necessary to be spent in 
carrying a body through a given distance against a given 
force is the same, whether the body starts with any 
superfluous energy or not ; or, as is easily seen to follow 
from the nature of the reasoning, whether, while it is 
moving, it receives any accessions of such energy from 
external sources or not. And we may, therefore, suppress 
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the conditions which we imposed upon ourselves in the first 
instance (pp. 32, 33), and in every case take as the measure 
of the work done against a force the product of that force 
by the distance moved through against it. If in the case 
just put we exert more force than is necessary for lifting 
the weight we shall, besides doing this work, also impart 
a velocity and a corresponding Energy of Motion to the 
mass, which it will retain when it has reached its new 
position, and which, if not counteracted, will carry it 
proportionally farther upwards. 

Just as, where the mass is doing work against the 
force, by virtue of its Energy of Motion, the energy spent 
is measured by Fs, so it is easily seen (and might have 
been expected) that, when the motion is in the direction 
of, and so is helped on by, the force, the Energy of Motion 
is increased by Fs. For the increase of momentum is now 
m {v — V):=iFt; and the distance moved over is still 

— — - t. Whence equation {A) becomes — ^-—=^8. 

The force is in this case said to be ' doing work on the 
mass.' And we may combine these two results into one 
Proposition if we call the product F% the work done ' by ' 
or ' against the force '—-or, by an equivalent phraseology, 
'upon' or 'by the mass in motion' — according as the 
motion is concurrent with or opposed to the tendency of 
the force. We may then say that — 

' The Energy of Motion is increased or diminished, as , 
the case may be, by the amount of work done by or against 
the force ; or (otherwise stated) upon or by the mass.' 

Note. — ^In accordance with well-known mathematical 
usage these two corresponding but reversed actions are 
commonly distinguished as Positive and Negative work : 
the positive being usually understood to be work done by 
the force, and the negative that done by the mass in 



motion. On this understanding the equation 
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= Fa may be taken as comprising both cases, the 

positive or negative value of Fa^ according as v is greater 
or less than F, indicating that work has been done by or 
against the force.* 

If more than one force is acting in the line of motion, 
some with and some against the motion, it follows from the 
second law that the Energy of Motion will be increased by 
the sum of the work done by, and diminished by that done 
against, the several forces ; the process of calculation being 
the same, in eflfect, as reducing all the forces to one 
resultant, the difference between those acting in one direc- 
tion and the other, and applying our rule as above given. 

If we look back to our original type of work done 
(p. 32), we see that it is a case of this kind. The hand, 
or other agent pulling the weight upwards, is exerting a 
force upwards sensibly equal to that of gravity downwards 
(as might be tested by a dynamometer). Consequently, 
the work done hy it is sensibly equal to that done against 
gravity. 

On the other hand, if the force is exerted on the 
mass with no other force opposing it — as where the 
weight falls freely, or a stretched string pulls a mass 
along a smooth table — ^the measure of the work done by 
the force is the Energy of Motion communicated to the 
mass. The mere change of position, in such a case, costs 
nothing; the velocity may be produced indifferently, 
either once for all, by a powerful jerk or explosion during 
an inappreciably short time (p. 20), and while no perceptible 

* The relation between the force, the time it has acted, and the space 
moved over by the mass, promised in the note at p. 19, is deduced from 
the above equations (a) and (6), and the corresponding ones for the case of 

force and motion concurrent, by eliminating v. We have«a Vt— — y or 

J/ 

Ft* 
8 ^ Vt+ — -, But we do not want these equations for our purpose here. 
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change of position has taken place ; or by a steady pull 
through a considerable distance ; or, again, by a series of 
intermittent pulls or jerks at successive stages of the 
motion. In each case the velocity and consequent energy 
once given will continue for ever unspent unless some 
opposing force is met with. 



OBLIQUE MOTION. 

The Second Law enables us to carry this investigation 
on to the case where the force acts in a direction dififerent 
from that of the motion, as when the cannon-ball is fired 
aslant. The student may keep this case in his mind as a 
familiar example, but the reasoning applies to any motion 
and constant force. 

Let a mass (m) be at a point o, with a velocity ( F) in 
the direction o p, and be acted on by a force {F) in the line 
OT, and (we will suppose) down- 
wards (in the direction from t 
towards o). Draw o x perpen- 
dicular to Y (that is, horizontal, 
if Y be Vertical). If we take 
any point p in o p, and drop the 
perpendiculars p R and P s, then 
the velocity F in a direction o p 
may be considered as compounded of two velocities, u and 
w, in the directions o y and o x ; the three quantities being 
proportional to the three lines, o p, o s, and o b (p. 22). 

Now, R p being a right-angled triangle, we have 
(Euclid I. 47) o P^ = PR^ 4- or^ = o s^ + p rS whence 




The Energy of Motion is — -— , which is therefore equal to 
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+ which two quantities axe the energies the 

mass would have in virtue of the two component velocities 
U and W taken singly. So that we may call and 

the components of the energy in the two directions, 

J* 

Y and o x.* 

Now (Second Law), the velocity TT, and therefore the 
corresponding component of the energy, will remain 
throughout the motion unaffected by the action of the 
force F; and the eflFect of this force on the velocity and 
distance travelled parallel to o y will be exactly the same 
as if W were non-existent. Therefore by our formulas, 
if the body comes in the course of its motion to any point 
(as Q in the figure), having risen (or fallen, as the case may 

be) by a distance s, the component -— - , and therefore 

H or — -— will be diminished or increased 

2 2 2 

by Fa — or by the work which would have been done had 

it moved directly through the space 8 against the force. 

We may, then, generalise, and define as ' work done 

against or by a force,' the product of the force by the 

distance moved through estimated in its direction — that 

is, the length intercepted on any line drawn parallel to 

that direction by two perpendiculars drawn from the first 

and last position of the moving mass, taken with the 

proper sign, according as the motion has been against or 

with the force. And we may still say that the energy of 

motion spent or gained is always measured by the work 

done. 

* Velocities and forces may be decomposed in directions making any 
angles we please with each other (seejthe figure and explanation, p. 21, &c.). 
But our reasoning here can only be applied to the decomposition of Energy 
of Motion in directions at right angles to each other. 
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If forces act simultaneously in the direction o t and 
o X, they will each independently affect the correspondent 
component of the energy; and the total Energy of Motion 
will be changed by the sum or diflference, as the case may 
be, of the work done in each direction. 

Xote. — The student may perceive that there are two 
ways in which we may ascertain the work done under the 
action of a force, which must, of 
course, lead to the same result. 

If a mass move, by any path, 
from o to Q, having been acted on 
by a force F always in the direction 
o P, our reasoning shows that the 
work done is to be measured by 
i^ X OP, 

But the force F may also be treated as decomposed 
into two forces (say x and y) acting in any two lines o x 
and Y ; and if o x and o y be taken at right angles to 
each other, we have also shown that each will do its work 
independently of the other. So that if q s be dropped 
perpendicularly on to o x, o s and s Q will be the distances 
moved through in the directions of the forces x and y, and 
the total work done will also be represented by x x o s + 
T X SQ. These two determinations of the same work 
done must therefore necessarily come to the same thing.* 

In like manner, if there be any number of forces 
acting simultaneously on the mass, to ascertain the work 
done we may either, first, compound all the forces into 
one resultant, and then multiply this resultant by the 

* A slight acquaintance with the formulas of trigonometry will show 
that this is so. For, join oo, and call the angles pox and qox, a and b. 
Then the components x and t of the force F are F cos. A and F sin. A re- 
spectively ; and o s = o q cos. B^ and s q = o q sin. B, Whence 2!" x o s + t x 
8Q=Fx OQ (cos. At C08.J5 + sin. A, sin. jB), « (by a weU-known formula), 
Fx OQ COS. {B—A), or Fx oq. cos. qop. And oq cos. qofbqf. 

Whence, finally, Xxos +Yxa(i=FxoT. Q.E D. 
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distance moved through in its direction; or we may 
proceed thus : let the mass move from o to q, being 

acted on by forces Fp t^^ &c., parallel 
Q ^ to o Fp o Fj, &c. 

Drop perpendiculars Q Sp Q Sj, 
&c. ; then o Sp o Sj, &c. are the dis- 
tances moved through in the direc- 
"S tions of the several forces ; and the 
work done by each force is Fj x o Sj, Fg x o Sg, &c. ; and 
. the total work done, and consequent increase of Energy of 
Motion, is the sum of all these, if all do work on the mass. 
If some act with and some against the motion, their eflfects 
must be added or subtracted accordingly, and the result, 
positive or negative, will give the increase or diminution 
of the Energy of Motion. 

The proof would be by resolving each force, Fp Fg, &c. 
into components along the same lines ox, o t, at right 
angles to each other, and then re-compounding them, as 
in the last proposition. 

The figures and reasoning suppose all the forces to be 
acting in the plane of the paper ; but the slightest ac- 
quaintance with solid geometry will show that the result 
is true, in whatever directions the forces may be acting. 

Note, — Every force may be represented by the action 
of a string stretched in the direction of the force. This 
suggests the conception of ' the point of application of a 
force,' and accordingly the work done by each force is 
often described as the 'product of the force by the distance 
travelled over by its point of application, estimated in its 
direction.' 

Note 2. — It is important that the student should ob- 
serve that, according to our definitions and reasoning 
therefrom, a force, when not acting in the line in which 
the mass is moving, produces a sensible eflfect, which, 
nevertheless, does not count as *work done;' namely, 
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curvature or alteration in the direction of the motion. 
We shall see more fully hereafter how this falls in with 
our general doctrine ; but it may be at once shown that it 
is consistent with it, so far as we have got. 

For 'work done' is a change which exhausts one 
capacity and correspondingly increases another ; and it is 
obvious that a force producing curvature is thereby neither 
exhausting nor increasing the energy of motion, which 
depends only on the velocity. Thus, if two bodies be pro- 
jected, one vertically and the other aslant, with the same 
vertical motion, all that gravity can do in the way of 
checking or increasing the capacity of either body is first 
to exhaust, and then to restore and increase in the re- 
versed direction, the vertical part of the velocity, leaving 
the horizontal velocity of the second body untouched. The 
ultimate destruction of all motion, vertical and horizontal, 
when the bodies reach the rough surface of the ground 
(which is, of course, greater in- the second case), is not 
caused by gravity at all, and will have to be considered 
separately. 



In this Elementary Treatise our demonstrations are 
necessarily confined to cases which do not require the use 
of the higher mathematics ; to such as are concerned 
with constant forces ; and to some others where, though 
the forces are in fact complex, the result is simple. 

But the student will have no difficulty in forming the 
conception of ' work done ' against or by a varying force. 
For instance, if we raise water out of a well by a bucket 
and windlass, and the bucket leaks, and so gets lighter 
and lighter ; or, if a cannon-ball penetrate a considerable 
way into a complex target, which gets weaker and weaker 
as it yields, the muscular energy or the motion of the 
cannon-ball will hold out the longer for the weakening of 
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the resistance, but will, nevertheless, he spent gradually, 
as in simpler cases. So, on the other hand, if for the 
target we substitute a strong spring, when the progress 
of the ball has been arrested the spring will recoil and 
restore motion to the ball, with an effect gradually weaken- 
ing, instead of constant ; but, in other respects, it acts on 
the same principle on which the constant force of gravity 
will pull a ball down which has worked its way upwards 
against it. 

And a general explanation or illustration may be given 
of the method of actually calculating the work done in 
such cases, when we know the law of the variation of the 
force — that is, how to find it for any and every stage of 
the action — without making too great a call on the 
student's powers. 

Take, for instance, a cylinder of air — say 100 inches in 
height — closed by a movable piston ; and let the piston 
be weighted or jerked downwards, so as to compress the 
air. The air will resist the motion. And if we take 
measures to get rid of any sensible change of temperature 
(which, as we shall hereafter see, would otherwise affect 
the action), the force of resistance will increase in propor- 
tion with the increase of compression ; so that after the 
piston has moved through, say, 20 inches, the force of 
resistance will be increased by one-fifth of its original 
amount. 

But the change, as the piston moves down to this point, 
is gradual ; there is very little difference between the 
force at 100 and at 99 inches, or that at 90 and 89, &c. 
So that if we calculate according to the above law the 
actual force at 99, 98, 97 inches, &c., and take, as the 
work done while the piston moves through the 20 inches, 
the sum of the products of each of the calculated forces, 
at 100, 99, down to 81 inches, by 1 inch — in other words, 
the product of the arithmetic Tman of all these forces by 
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20 inches ; that is, by the whole distance moved through 
— we shall be pretty near the quantity we want. And we 
shall be nearer still if we divide the space into half-inches 
or quarter-inches, and so on, taking smaller and smaller 
distances before striking our mean. 

And the higher mathematics give us the means of 
finding what the exact amount is, to which we shall, by 
such a process, gradually approach ; or, when this cannot 
be done, it gives rules for carrying on the approximation 
as far as we please ; just as we can, in common arithmetic, 
approximate to the value of surds. 

We shall presently state some of the conclusions to 
which investigations of this nature lead. But we will 
first consider the other simple cases above alluded to, as 
not beyond our means of fully working out here. 



CONNECTED SYSTEMS. 

Bodies may move over the surfaces of other bodies, or 
may be connected together by stretched strings, or by 
pushing or pulling rods. 

These connections, so far as they in anywise alter either 
the velocity or the direction of the motion of any mass 
from what it would otherwise have been, exert force upon 
it, according to the meaning we have attached to the 
word; and we may imagine, in each case, the actual 
siuface, rod, &c. removed, and its place supplied by a 
string attached to the mass, kept, at each instant, to such 
a stretch and in such a direction as will produce the same 
eflFect. 

(a) We have already used for illustration the ideal 
conception of a * perfectly smooth,' to which we ought 
to have added the adjective ' hard ' surface. 

We may define what this means more precisely by 
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saying that it is a surface whose action can be perfectly 
represented by a string kept always perpendicular to the 
surface, and always stretched to the exact degree that 
will, at the instant, just balance and neutralise the action 
of all the other forces tending to do work against the pull 
of the string. 

There does not, in fact, exist such a surface : every 
natural surface both tends to prevent motion along it and 
also yields, however slightly, to pressure — that is, to any 
force which may be exerted on it perpendicularly. But 
we can approach to the ideal ; and it not only simplifies 
elementary calculations to suppose the perfect state, but 
we shall see that a consideration of the falling short — so 
to say — of nature from this ideal, forms a most important 
part of our subject. 

(b) By a * perfectly flexible string ' we mean one that 
oflfers no resistance to any force, or the resolved part of 
any force, acting on it at right angles to the direction of 
its length at the point of application of the force. It can 
therefore be bent round any surface (as of a pulley or 
wheel) with no expenditure of energy, except what is 
necessary for giving it so much nriotion, in proportion to 
its mass. 

When a string is thus coiled round a perfectly smooth 
surface and stretched by forces at its extremities, the 
^^ y action of the surface makes no dif- 
ference in the stretching of the 
string ; that is, it does no work on 
it — neither along the string (which 
is also along the surface) because, 
the surface is perfectly smooth, nor perpendicular to the 
surface, because the string is perfectly flexible. The 
action and reaction, therefore, of the forces at the extremi- 
ties of the string remain equal and opposite, and prpduce 
their effect in stretching it just as if it were straight. 
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This also is ideal. Strings are always more or less 
stiff. 

In working out problems of this kind we also gene- 
rally suppose that the strings, rods, &c. do not alter their 
lengths during the action we are considering — ^which is 
the same thing as supposing the forces that stretch or 
compress them remain constant ; or, at least, we suppose 
(what is usually suflScient for simplicity of treatment) that 
they alter so slightly during the action as not sensibly to 
modify the directions of the motions of the system, and 
return exactly to their first state at the conclusion of the 
action. It is usual also (though this is of minor import- 
ance) to neglect the mass and weight of mere strings, in 
comparison with the masses they connect. 

On these hypotheses the general treatment of the 
problems of connected masses, so far as regards our par- 
ticular subject, is very simple. For it follows from our 
definitions that, with connections such as we suppose — 

The mutual reactions of surfaces, strings, or other con- 
nections, however much they may alter the motion of each 
particular mass in the system, both as to direction aiid 
velocity, yet when the sum of the work done by them 
(treated as forces, as above explained) is taken throughout 
the system, it must necessarily come to nothing; 

In the case of motion over a surface, itself supposed 
immovable, this is so because the action of the surface 
is at every point at right angles to the actual motion (p. 40). 

In the case of every other connection — such as two 
masses both in motion, sliding over and pressing on each 
other; or a string stretched between two masses tending 
to fly asunder ; or a rod preventing them from coming 
closer together — as much work is done by the force on one 
mass as the other mass does against the force. Take, 
for instance, the case of a string passing over a pulley 
and attached to two weights. The string is pulling against 
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each equally, by the Third Law. If, then, one mass is 
moving away from this force, it is doing work against it 
measured by the strength of the pull and dis- 
tance moved over estimated in its direction* 
But, as we suppose the stretch of the string un- 
altered (or, if altered by a variation in the force 
during the action, yet restored at the end), the 
other end of the string moves just as much in 
the direction of its length, and does exactly the same work 
on the other mass; so that the sum of the positive and nega- 
tive work (p. 37) is nothing. The same reasoning applies 
in the case of a pushing or pulling rod, and of two masses 
simply pressing against one another by their surfaces. 

The consequence of this is that, taking the system 
throughout, the sum of all the changes of Energy of Motion, 
positive and negative, in passing from one position to 
another — which we have shown to be ascertained by sum- 
ming up all the positive and negative work done on all 
the masses — is measured by the amount of work done 
by and against the * impressed,' or 'external' forces 
only — the forces which would remain in action, if all 
these connections were suddenly severed. 

A few examples will illustrate this Proposition. 
1. Suppose a mass (m) to move down an inclined 
plane a b, froqfi p to q. Let v^ be its velocity when at p, 

and ^2 at q. Draw p k and Q r vertical 
and horizontal. 

Then the work done by gravity is 
7n gx distance fallen through, or m gx 




2 



p R. Therefore -?- 

2 



v{^ 

--^=fl^XPR. 



The student who is unfamiliar with the subject may verify 
this by looking at it in another light. Let the inclination of a b 
to the horizon = a. Then the force of gravity (gni), acting 
vertically, may be treated as resolved into two forces, w ^ sin. a, 
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and mg cos. A, the first in the direction of the inclined plane, the 
other perpendicular to it This latter is counteracted by the 
reaction of the plane, and the motion is produced, or altered, 
only by the force m g sin. a. acting from p to Q. The work done hy 

PR 

this force is wiflr sin. a x pq. But p q = -; ; whence work 

sm. A 

done ia 9/1^ X P B, as before. 

A study of these two methods of arriving at the same result may 
serve to show that the work done may be indifferently measured, 
either, as heretofore, by the product of the whole force and the 
distance estimated in its direction, or by resolving the force into 
two, one at right angles to the actual motion, and the other in 
the direction of the motion, and taking the product of this latter 
component and the actual distance. When the body is moving 
freely, not along a surfece, this latter method can only be 
pursued or fully proved by the help of the higher mathematics. 

2. So of the pendulum (bob and string) which we took 
as an illustration of Energy. Here we have the motion 
directed by the pull of the string, 
but it does no work: the force of 
gravity is the only external force. 

Let, then, Fbe the velocity when 
the bob is at its lowest point q, and ^ 
V its velocity when at any point p. 
Draw p B horizontal. Then, throughout the motion, up- 
wards and downwards — 

If H be the greatest height to which the bob rises, v = 

TTjj 173 

when this is reached : therefore — = or h, or h = — 

2 ^ ' 2g 

3. Take, again, the case of our type of constant force 

(p. 15), a weight* (pgr) drawing a mas^ (w), by means of 

♦ That is, a mass p acted on by gravity. This is the proper meaning, 
of weight. 
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a string passing over a pulley along a smooth table. 
Here p and w have necessarily the same velocity, and the 

3^ distance moved over by each mass 
is the same as the fall of p. 

If v, and v^ be this velocity 
at two epochs, and if p have 
fallen through a distance (A), our formula gives us— 

(P+w)^-(p+w) ^^=PflfA* 

4. All the ' Mechanical Powers ' described in Treatises 
on Mechanics, and all combinations of them which make 
up any machine, come imder this principle, when friction, 
stififness, and the like are neglected. Where the ' Power ' 
and the ' Weight ' are so adjusted with reference to the 
construction of the machine that, when the machine is set 
in motion by any means, the work done by gravity on the 
one, and on any parts of the machine which descend, is 
equal to the work done against gravity by the other and 
the parts which ascend, there will be no production or 
destruction of energy of motion ; when no such balance is 

* The force stretching the string, and acting on w, can easily be de- 
termined. For, as the Telocities of p and w are always the same, the 
forces acting on them and changing their velocities must be proportional to 
their masses (p. 16). 

Let the force of the string be b. 

Then the only force on w is b ; and the force on p is p ^ — b. We 
must therefore have 

B 'PCf'—'R 1 P W 

— Bs— 2 ; whence p - — —g. 

"W P P+"W 

If, as in our original example, w^ 1, and b » 1, we have 

1 » — ^, whence p =» as — nearly. 

P+1 ^-1 81 ^ 

Therefore, to keep up the action of our constant unit of force while the 

unit of mass moves through a distance h, we must have gravity doing 

32 
work to the amount p^ h, or —h, 

31 
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established, there will be an interchange of work done and 
Energy of Motion, as in our simpler cases* 

Note. — ^In our examples we have supposed the strings 
either to move freely or to pass round fixed surfaces. In 
practice these surfaces are pulleys which revolve with the 
string. And, in a complex machine, with wheels, levers, 
&c., we have rotatory combined with rectilinear motion. 
The higher mathematics teach how to estimate energy of 
motion in a body rotating round an axis, so as to compare 
it with rectilineal motion, such as we have been con- 
sidering ; and then our Proposition still holds good : the 
whole energy of motion in the system, rectilinear and 
rotatory, increases and diminishes by the work done by 
and against gravity. 

Where the force working the machinery is not gravity, 
we can equally well estimate the work done and power 
expended, if we can ascertain the average force applied. 
Take, for instiance, the ordinary working of a steam- 
engine. The force is here the pressure of the steam on 
the piston ; the action is reciprocating, backwards and 
forwards, but the connections are such that the ultimate 
motion communicated is continuous. Suppose the average 
force of the steam is F on each square inch of the piston — 
that is (to recur to our type of force), that it is equivalent 
to F strings, at unit-stretch, appMed to each inch, and 
that the area of the piston is A square inches, I the 
length of the stroke, n the number of sfrokes made in 
an hour — then F A n i is the energy that has been applied 
during that hour, expressed on absolute scale, being the 
product of the force by the distance moved over. And 
this must come out in — 

1st. Increase of Energy of Motion in all parts of the 
system ; 

2ndly. Work done in raising weights ; and 

3rdly. In practice, in overcoming friction everywhere, 
if we do not assume ' perfect smoothness,' &c. 

K 2 
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IMPACT OF PERFECTLY ELASTIC BODIES. 

Bodies may also, while moving, meet with or overtake 
one another. We will take the case of two symmetrical 
bodies — say two cubes moving in the direction perpen- 
dicular to two of their faces, or two spheres — moving on 
the same line, either in opposite directions, and so meet- 
ing one another, or one moving faster than the other in 
the same direction, and so overtaking it. 

The simplest case for our consideration is that of two 
masses (mi) and (mg) meeting one another with equal 
niomeofita ; that is, where, Vy^ and v^ being their respec- 
tive velocities in opposite directions, we suppose that 
mj Vj = m^ Vg. 

When the masses come in contact each resists the 
motion of, that is, exerts force on the other ; and by the 
Third Law of Motion these forces, and the momenta they 
respectively produce in equal times, are equal and opposite. 
And therefore, the momenta being originally equal, both 
will be destroyed simultaneously, and the bodies come, 
simultaneously, to rest. 

The forces which thus come into play, in fact, arise 
from a strain or distortion of the two masses, and may 
be represented (as in the case of the magnet and iron, 
p. 25) by conceiving a spring — or two buflfers, as between 
two railway-carriages — ^interposed between them. 

If, then, the spring, at the moment of rest, becomes 
set^ or broken, there will be no rebound, and all energy of 
motion will have disappeared. If, on the contrary, the 
spring be perfect^ it will now expand again, driving back 
each mass with the same force, at each stage, with which 
it resisted the compression ; and so they will finally part 
each with the same momentum which it had before 
impact, only in the opposite direction ; and so the energy 
of motion which had been momentarily annihilated when 
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the spring was at its greatest compression, will have 
been completely restored when the spring is completely 
unbent. The forces concerned in the compression and 
re-expansion are varying forces; but otherwise the case 
as to each mass is exactly analogous to that of the motion 
of a mass thrown upwards, having its motion lirst com- 
pletely destroyed by doing work against gravity, and then 
completely restored by falling down again through a 
distance equal to that by which it rose. 

Bodies whose behaviour is of the first kind are called 
* perfectly inelastic,' while those of the second kind are 
usually described as ' perfectly elastic' Both classes are 
ideal, like perfectly smooth surfaces ; but lead and putty 
are fair approximations to the first class, and glass and 
ivory to the other. In nature, we may say that the 
spring is always more or less weakened, and so the 
rebound somewhat less than the compression, and some 
motion lost. We here confine our attention to the case 
of perfect elasticity. 

If now, while m^ and m^ are approaching one another, 
a common velocity (u) be impressed, in either direction, 
on both of them, the relative circumstances of the impact 
and rebound will obviously be imaltered, and therefore 
(by the Second Law) the relative actions of the forces will 
be unaffected. 

Suppose this additional common velocity to be in the 
direction in which m^ is moving, its total velocity will 
become u+Vp and that of m^ will be u—v^. 

Before impact, then, the total energy of motion will 
be— 

2 2 

And after impact the velocities will, as above explained, 
become {u—v^) and {U'\-v^), and therefore the total energy 

of motion will be ^^ — ^^ + — ^-^^ ^^ ; and it is 
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easy to see that, if the quantities in brackets be multi- 
plied out in both these expressions, the only difference 
between them will be, that in one u is multiplied by 
miVi— maV^, and the other by m^v^—myVy But we have 
made m^v^^m^v^i and so each of these multipliers =o ; 
and therefore the energy is the same both before and after 
impact. 

Now, with whatever velocities the masses m^ and mgmay 
be moving, we can always represent the motion as made up, 
in this way, of a common motion (u) in one direction and 
two opposite motions Vj and v^ such, that mj v^ = m^ v^. 

For, let Fj and V^ be the actual motions, which we will 
suppose to be both in the same direction, Fj being greater 
than Fj, so that m^ overtakes mg. We have then only to 
satisfy three equations to determine the three unknown 
quantities U| v^ and v^ namely, 

u + V, = Fj 

7^ — Vj = Fj 

which are easily solved. 

Therefore, the impact of perfectly elastic bodies makes 
no change in the total energy of motion when the reboimd 
is completed. But when the elasticity is imperfect, the 
rebound is less than this, and there is a loss.* 

If Vj = 0, or the body impinged upon be at rest, then 
it will be seen (either from the below-written formulas, 
or by a direct resolution of the three Equations, writing 

^ If the equations are solTed, we find 

U a* ■ 1 Vi » ■ , V2 

W| + wij nil + w. Ml + nig. 

And the velocitieB after impact, being («— Wj) and (u + Vg), will be found to 
be 
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the second as w = v,) that if m^ = m^ the impinging hall 
will come to rest, and the other go on with the motion 
the first had originally : if mj be less than mg, mj will 
rebound with less velocity than it had, imparting some 
motion to wij ; if greater than m^, it will send m^ on, 
following more slowly. 

If the impinging bodies, besides repelling each other 
during contact, attract each other when severed — as in 
our example of this magnet and iron, with an intervening 
spring (p. 25), or the action of a racket-ball and an 
elastic floor, with the force of gravity bringing them to- 
gether — the energy of the rebound being equal to that with 
which they came together, they will separate until it has 
all disappeared in doing work against the attractive force : 
then this force will begin to do work on them, and finally 
will bring them together with the same energy which 
they had at the first contact. And so there will be an 
oscillatory motion backwards and forwards, which, if the 
elasticity were perfect and there were no air to carry off 
any of the motion, would continue for ever. 

If we take as the definition of perfect elasticity ^ the 
conservation of the full original energy of motion before 
and after the contact is over,' the two foregoing observa- 
tions may enable the student to conceive that this quality 
may exist in two substances although the rebound is not 
complete, provided we take account of vibratory or tremu- 
lous motion in the parts of the bodies themselves, such as is 
sometimes conspicuous in a sounding-board, and which, at 
any rate, makes itself sensible in the musical tones it im- 
presses on us through the air. 

Suppose, first, a row of elastic balls (in our first sense) 
of various (say, alternately large and small sizes), at a 
sensible distance apart, and all at rest. 

Let a small ball, mj, impinge on mj. It will, as we 
have seen, rebound more slowly than it approached, send- 
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ing mg on towards mg ; m^ will not rebound, but send m^ 
on and itself follow more slowly ; m^ will rebound, after 

ana toA . mf 
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sending on 7n^<, and so will meet Tn^ again, and these two 
will part their energy between them again in some pro- 
portion dependent on the original circumstances, and so 
on ; if mg be the last of the series, it will go on freely. 

The whole energy of motion will remain at its original 
amount at all times at which there is no actual contact 
and pressure between the balls. But inasmuch as there 
is motion backwards and forwards between m^, mg, m^, 
&c., the onward motion of mj, mg, m^, &c., considered as 
a whoU and estimated vn one direction^ will not be what 
it would have been had they all, when mj impinged upon 
them, been joined together in one perfectly elastic body, 
acting as we have supposed any two of them to act. 

If now we suppose the masses to be set very close 
together, so as to appear to be one body capable of a 
filight vibratory motion in its parts, alternately compress- 
ing and expanding its length ; and if we further suppose 
that there is an attractive force (what we call cohesion), 
which, allowing a play between them, acts to prevent them 
flying apart — adding, in short, another oscillating motion 
to them, as of the magnet and iron — we have a rough 
notion of the real action of two bodies of definite size 
impinging on one another, even if all their small parts 
are supposed ' perfectly elastic' Going back to our first 
illustration of elastic action, it is not properly represented 
by a single spring between the two visible masses, but 
rather by supposing the whole mass made up of springs, 
each taking up the strain from the other, and requiring 
time within which to do so and to return the motion. 
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VAKYING FORCES. 

So far as we know, or can reasonably conjecture, all 
the primary forces in nature vary in magnitude and 
direction according to the relative position of the body 
acted upon. When we want to exhibit the action of a 
force really constant within the limits of our experiment 
we have (as in the case of the mass on the table) to do 
some work in order to maintain its constancy while the 
position is changing (see note, p. 50). 

Thus, gravity, which we familiarly treat as constant 
in magnitude and direction, is neither one nor the other. 
It is only approximately so while we confine our observa- 
tions to distances and spaces very small in comparison 
with the dimensions of the globe we live on. 

Such forces, again, as the elasticity we have just been 
considering, or cohesion, &c., are only sensible when parts 
of the bodies which exert them are so close that, to our 
ordinary senses, they appear to touch ; and we have reason 
to believe that, within those distances at which they are 
sensible, their magnitude changes at diflFerent distances. 

As gravity is the most universal force in nature — absolutely 
universal, as far as we know — and as we know its laws of action 
thoroughly ; and as a true conception of it, besides its intrinsic 
importance, will tend much to clear up di£Scnlties which might 
otherwise beset the conception of ' Energy of Position, or Poten- 
tial Energy,* to which we are coming, a somewhat full statement 
of its law, and of the results as regards energy and work done, 
may not be out of place here. If the formulas seem abstruse, 
the substantial results, which will be found stated at the con- 
clusion of the section, will, it is hoped, be intelligible and suffi- 
cient for our purpose. 

The force exerted on every particular mass is in truth the 
resultant of forces exerted on it by every other mass existing 
anywhere in the universe. And each of these forces is subject 
to the Third Law ; that is, one particular mass exerts equal and 
opposite forces on each of those other masses. For simplicity 
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(as our exposition is an elementary one) we will suppose all 
masses spherical, or made up of spherical parts. 

Then, if rrii and m2 be any two masses, and r the distance 
between them, Newton proved that each exerts on the other 
an attractive force directly proportional to both of the masses 
(that is, to nil ^2)1 ^^^ inversely proportional to the square 
of the distance between them.* In other words, if, for sim- 
plicity and for our present purpose, we call the force between 
two imits of mass at the unit of distance (1), the force between 

»., and m, at distance r wiU be M«. 

r* 

(a) Let us first suppose that one of the masses (1712) is so 
large in comparison with the other (as the earth is with regard 
to a stone), that mi gives it no sensible motion. (See p. 25.) 
Then mathematical investigation, following the processes in- 
dicated p. 44 shows that, when wij is moving directly in 
tlie line of action of the forces (which is the case of the stone 
falling or rising vertically), the average force exerted while it 
passes from a distance (r) to another (r^) is the geometric mean 

between the forces at r and r — ^that is, ^ — I ; and therefore the 

rr^ 

work done is — 1 — i\ L if bv the force, or ' ^^. \ if 

rr rr 

against the force ; that is, according as mj approaches or recedes 

2 

from W2. And therefore the energy of motion — ^ — is increased 

or diminished by this amount. 

If Wi be not moving directly towards jwj, it is found — ^and 
the student who has followed the proof in the case of oblique 
motion with constant force will perhaps be prepared for it — 
that the worh done is independent of the transverse motion, and 

is still ^^L^^^fcirO, or ^^^2^) ^3 before. 
rr* rr 

(b) If we make no supposition as to the relative magnitudes 
of mi and m^^ and suppose them to move, by any path, from the 

* This is the same as the law of the diminution of the intensity of 
light or heat, or other measurable quantity, when diffused from a centre. 
The amount of light on an inch of surface exposed perpendicularly to it 
will vary inversely as the square of its distance from the luminous body. 
3ut we do not know that there is any connection between the facts. 
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position mi m^ to m\ m'^^ changing their relative distance from 
r to r', then we find that the sum of the work done by m^ on 

W2 and by m^ on Wj is now represented by ^ ^ 

mnltiplied by the difference of the distances r 
and r' ; and consequently, that the iotal energy of 

motion — ^—-^ + — ^^ - IS mcreased or dinunished 

by this amomit, as the case may be. 

(c) And, finally, if we take any number of masses, m^, m^, m^^ 
&c., and mark the distances between them as rj, 2, r^, 3, rg, 3, <&c., 
then (somewhat in analogy to the case of connected bodies), 
though the energy of each single mass may depend on the path it 

has followed, yet the sum of all the energies — ^^ — l"— V^ + %^ 

£1 £1 u 

+ &c. is shown to increase and diminish by the sum of the work 
done, treating it as positive or negative as the case may be, 
between all the masses — ^that is^ by 

mi7»2(^m-^l» 2) _|_ ^l^3(n>8— ^''n8) ^ ^2^3(^2>3 — ^2>3 ) 

»'l> 2> »'l>2 n>3 ^'l> 3 ^2» 3> ^21 3 

+ &C. 

The important point to note in this investigation is, 
that the total work done, and the changes due to it in the 
total Energy of Motion, depend entirely on the changes in 
the relative distances, with no regard to the paths by which 
the masses have moved ; and that, though we should be 
quite wrong if we reckoned the change of energy in any one 
mass as determined by the work apparently done (according 
to our formula) between it and each of the other masses, 
yet whatever error we should fall into as regards each one 
mass would be made up in the others ; and in the whole 
system, the change of Energy of Motion is calculated from 
the work done between each pair of masses as if they had 
been alone in action, and had mutually and directly ap- 
proached and receded, as much as in fact they have done. 

And these two results are not the consequence of the 
particular iati;— of the inverse square of the distance-— 
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which gravitation follows, but solely of the other fact, that 
the forces between each pair of spheres is directed in the 
lime joining their centres^ and has everywhere the same 
Toagnitv/ie when their ddstcmce is the same, whether the 
masses be in motion or at rest. 

If, then, we knew that the forces that come into play 
when bodies are in close contact (such as cohesion, elas- 
ticity, &c.) are of this kind, we should conclude that the 
work done between the particles making up the bodies is 
in this way dependent on the changes of distance between 
the particles (that is, generally speaking, on the amount 
of compression, expansion, and change of shape of the 
bodies) ; and, on the other hand, if we find experimentally 
that the results as to the final motion of the bodies and 
their changes of shape, &c. seem to be such as they should 
be on the above supposition as to the nature of the forces, 
it is an argument, as far as it goes, for the truth of the 
supposition. 

If, for instance, glass, or any other substance, had 
been found to be perfectly elastic, instead of only approxi- 
mately so, we should with very great plausibility have 
inferred that the force of repulsion which comes into play 
when two balls of such material come together, depends, 
at each stage of the action, only on the amount of com- 
pression, and not on the direction of the velocity to or 
from the centres ; because the energy of motion de- 
stroyed in the approach would be (in such a case) always 
exactly restored in the rebound. 

Note. — We have hitherto used the intelligible phrase 

' Energy of Motion ' for the quantity and sums of 

such quantities. It is in frequent use. But a more con- 
cise name, derived from the Greek, and with the same 
meaning, is ' Klinetic Energy.' We will use it for the 
future whenever convenient* 
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II. ENERGY OF POSITION, OR POTENTIAL ENERGY. 

If now we review the conclusions we have either reasoned 
out or stated as the result of more abstruse investigations 
founded on the principles we have established, we find: — 

(1) That when a mass (m) is moving with velocity {v) 
it has, in virtue of it, a Dynamical Energy numerically 

measured by on the absolute scale, that being the 

/t 

measure of the work it can do against a force before it is 
entirely exhausted ; and it is diminished in exact propor- 
tion to the work done up to the point of exhaustion. If 
it encoimters no force, it retains this energy by the First 
Law. 

(2) That when the force acts with the motion, instead 
of against it, it adds kinetic energy in exactly the same 
measure. 

(3) That force is effective in consuming or increasing 
kinetic energy only so far as it acts in the line of the 
actual motion ; its component at right angles to this 
direction only acts to change the direction. 

(4) That whenever the force acting on a mass may be 
treated as sensibly directed to a fixed centre (see p. 58, a), 
and as depending only on the distance for its magnitude, 
or when it is a constant force always acting in the same 
direction ; the work done by or against the force while 
the mass moves from one known position to another is 
determined solely by the knowledge of those first and 
last positional and of the way in which the force depends 
on the distance — the Law of Force, as it is called — 
and not at all upon the actual path described. 

(5) That when the forces acting on a number of 
masses — a given ' system,' as we call it — are forces exerted 
between the masses, and dependent solely on the distances 
between them ; and where all the connections fulfil the 
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ideal conditions indicated by the phrases ^ smooth surfaces,' 
* flexible strings,' ' perfect elasticity,' or the like, which, 
after acting, leave no work behind theTo, positive or nega- 
tive ; then the whole sum of work done in the system, as 
its masses pass from one set of positions to another, and 
the consequent change in the sum of all the kinetic 
energies, will be determined solely by the relative changes 
of position of the masses, and the initial and final distances 
between them, just as if the pairs of masses had approached 
or receded each from the other independently, as in (4), 
or rather, as in p. 68 (b) ; although the kinetic energy of 
each individual mass or pair will be different according to 
the paths pursued; the excess gained by some being made 
up by loss in others. 

Now, the proposition we began with announcing is, 
that wiien any energy is gained or lost in one mass or set 
of masses, an equivalent is lost or gained elsewhere. We 
ought, therefore, to be able to show that, whenever work is 
done against a force, and so kinetic energy lost, an exactly 
equal power to do work of some kind — to produce measur- 
able change — is gained somewhere or other, and vice versa. 

And there is no difficulty in pointing it out when the 
system is of the character indicated in (4) and (5). 

Where the effective forces (those which do work) 
depend on the distances between the masses alone, the 
amount that can possibly be done between each pair of 
masses is a definitely limited quantity, made up of the 
work that can be done between the parts into which that 
distance may be divided. 

Thus, if mj and m, act on each other by gravitation, 
and pass from distance r to a lesser distance r', the work 

done by the force is, we have seen, —? — ^^:y- — ^^ ^h ^i 

r r 

f 1 1) 

J .. This work is done in the shape of added 
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kinetic energy if uncounteracted, or of work against the 
forces if others are in the field, — and the power to do it is 
spent ; only to be restored as a power by the expenditure 
of some work against the mutual attraction, bringing the 
distance back from / to r. And if we keep to our 
assumption of the attracting bodies being spheres, or made 
up of spherical parts, the whole work that can be done is 
what would be done by allowing the two masses to come 
together, separated only by their own bulk — by the sum 
of their radiuses ; at which instant the forces that deter- 
mine the ultimate cohesion, consistence, and resistance of 
matter come into play. And so of other attractive forces. 

If there be repulsive forces between masses in a system of 
this kind, a theoretical difficulty might occur to the student, 
inasmuch as there is no such obvious limit to the power of 
doing work between them, because that work would consist in 
driving them apart, and they may become more and more apart 
indefinitely. But this need not trouble him ; for in nature all 
forces are found to diminish in intensity as the distances of the 
acting masses increase, at such a rate that there is a definite 
limit to the work that can be done between any one position and 
the extremest distance we may choose to contemplate. 

The really permanent dynamical forces other than gravity 
known to us — those that cause elasticity, cohesion, &c. — di- 
minish so rapidly that they either become non-existent or so 
immeasurably small as to elude all observation and experiment, 
as soon as there ceases to be apparent contact between the sur- 
faces of the acting bodies ; so that no work is done while the 
bodies move anyhow outside this distance. 

Magnetism and electricity, which cause repulsion under cer- 
tain circumstances, may seem an exception ; but, besides other 
answers that might be given — even treating them as permanent 
forces, like gravity — the work they can do may be shown to be 
limited, as above stated. 

For these forces follow the law of gravity as to the variation 
of their magnitude — diminishing as the inverse square of the 
distance. So that the work done by lihe force while the electrified 
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masses pass from a distance r to a greater distance r' is JF'-I -— -m 

\r r'j 

where F is the force at distance (1). This measure of the work 

done increases, it is true, for ever, as r' is increased, or as — ; 

r 

diminitKhes, because the smaller the quality to be subtracted the 
greater the remainder ; but that remainder can never quite reach 

F 

— , which is therefore the limit of the work that can be done- 
r 

With regard, then, to all masses acting on each other, 
whether by universal gravitation or by any other forces 
having the character above described, there is, in virtue of 
the relative distances at which they may at any time be 
apart from each other, a capacity in the system for doing 
positive work (work hy the mutual forces); limited in 
amount, because the very utmost that can be done without 
being again undone, is the sum of all that would be done 
if they were made to move (whether by their own kinetic 
energies or mutual action, or by any impressed, external 
forces applied to them) to the relative positions in which 
they could none of them do any more sensible work — ^the 
attracting bodies in contact, the repelling ones beyond the 
sphere of their sensible action. 

This limited amount of work is the measure of what 
we may call the ' Absolute Energy ' which the system has 
in virtue of the position of its masses — or, more shortly, 
its ' Energy of Position.' 

Another name, shorter still, and more often used, is 
' Potential Energy ' — meaning power of giving itself 
kinetic energy (which latter kind of energy is sometimes 
called * Actual Energy '). 

And our reasoning shows that this Potential Energy 
increases and decreases by the same measure and quantity 
by which the kinetic energy decreases and increases, so 
long as no force external to the particular system alters 
either energy. In other words: The sum total of the 
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Kinetic wnd Potential Energies of any system thus con^ 
stituted remains constant d/uri/ag all the changes of 
position that it can give itself This is what is called the 
principle of the ' Conservation of Energy ' as r^ards the 
dynamical changes of a system of this kind. 

It is obvious that this absolute Potential Energy 
cannot be discovered and expressed numerically, if we 
take into account, as forming one system, all the bodies 
that act, or can in some position act, on a given mass. 

For instance, there is potential energy between a stone 
and the remotest fixed star : for if the stone were impelled 
with such force from here as to get beyond the preponde- 
rating influence of the earth and of the sun, and so 
proceed till it fell on to the star, the whole work done 
between stone and star would, by the formula already 

1 1 mass of star x mass of stone o 
given, be nearly . So, again, 

radius of star 
there is energy between two globules of quicksilver, while 
they are lying on the table ; for these bodies, if brought 
to touch, will run together, do work on each other, and 
so exhaust their power. 

But, except for the purpose of enunciating in the 
clearest language the general principle which is in fact 
proved by the reasoning of the last section, we do not 
need, in dealing with any particular case, to trouble 
ourselves with absolute energy, but only with the changes 
in it which take place in the course of the motion — just 
as for- ordinary questions about heat we do not want to 
know the whole quantity of heat in a body, but only how 
much is gained or lost when its temperature changes 
from one arbitrary line on the thermometrical scale to 
another. 

Just, then, as with the thermometer we fix an arbitrary 
zero-point — and that not necessarily the same in all 
thermometers — ^so, in each problem, we may, if con- 

p 
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vehient, take a zero-point (so to say) of Position and 
Energy of Position, from which to reckon ; and, if we 
please, to reckon upwards and downwards, treating the 
quantities below this as negative. » 

We may, in the first place, leave out of account and 
treat as non-existent all potential energy which we know 
does no work, or none that is of a magnitude worth 
taking account of, in the course of the action we are 
considering. 

Thus, when we are treating of ' Projectiles ' — cannon- 
balls, and the like — ^we may confine our attention to the 
force of gravity, as ordinarily estimated in the latitude 
&c., we are dealing with, although the sun, and moon, 
and neighbouring hills, are all exerting force ; because 
calculation shows that those forces are so small that the 
work they can do in the course of the longest flight 
a cannon-ball can take is as nothing compared with the 
foot-pound work of the earth's attraction. The moon, 
for instance, is sixty times as far oflf from the projectile 
as the centre of the earth is, and its mass is about -^th of 
that of the earth. The force, therefore, by our formula, is 

or of the earth's, and the projectile 



80 X (60)2 288,000 

and moon must approach or recede by 288,000 feet, or 

over 50 miles, to do a single foot-pound of work between 

them. 

Again, although, in strictness, the work is done 
between each pair of masses, yet when one is enormously 
greater than the other we may deal with the case as 
above explained (p. 58, a), and speak of the energy as be- 
longing to the smaller body exclusively, and measure its 
changes by the change3 of position of that body relatively 
to the larger one. 

We will now show by examples how this way of look- 
ing at the facts enables us to treat the ordinary problems 
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connected with projectiles and elementary machines in a 
convenient way. 

(1) The motion of a body projected into the air comes 
to an end when it reaches the ground. We have then 
only to consider the changes of its energies of motion and 
position from the point of projection to the level at which 
it may touch the ground. 

We may therefore take as our zero or starting-point of 
Energy of Position a level plaile, the lowest at which our 
projectile can, under the circumstances, reach the ground. 
Let, then, o x be such a plane — the floor of a room, the 
ground-level in an open plain, 
the sea-level, &c., as the case 
may suggest. Let p be the 
position of the projectile (of 



TP 



mass m) at any time, and ^ m x 

let the height p m above the level be h. Then, taking 
(on this principle) the energy of position on the level o x 
to be zero, it will be m gr A at p — that being the work that 
would have to be done against the force to raise it to 
that height. 

If, then, V be the velocity at p, the sum of the two 

energies (kinetic and potential) is -— ■ + m gh, 

St 

and this must remain unchanged throughout the motion, 

as long as no other forces than gravity sensibly affect it. 

Suppose then that the point a, at the height H above 

X, was the point whence the mass was projected with 

velocity (F), or that by any means we know the 

velocity at this particular point of the actual path. 

m F* 
Then -f wi gr h was the sum of the energies at a, 

and we must have throughout the motion 

fti 17* 1 tfi F v* t F* 

-— +mflrA = -^ 4-msrH,or- +gh=— + gu 

r 2 
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This equation enables us to determine the velocity at 
any height, or the height corresponding to any velocity 
•'o during the upward and downward motion, without 
calculating the actual path followed. 

(2) In the case of the pendulunji, the level below 
which the bob cannot fall is that which it reaches 
when it hangs vertically, and we may measure the 
potential energy from that point. The formula we 
Oq S^^ ^s that of page 49. 

Note. — If the string be sensibly extensible it wiU be 
unequally stretched at dififerent points in the motion, and 
we should have to take account of the work done, or the 
changes in the potential energy of the string, which would 
make the problem very complicated ; too much so for an 
elementary treatment. 

(3) In the case of any complicated machinery, of 
weights, wheels, pulleys, levers, &c., set in motion and left 
to the sole action of gravity, we may take as our zero- 
level the floor on which the machine rests, or a level 
below which none of the weights descend; then the 
energy of position of the whole system may be taken as 
the sum of the products of each weight which alters its 
level during the motion multiplied by its height above 
the floor (if we choose this level), dimmished by the 
like products of any weights that may hang below the 
flooT (as when weights are being raised out of a pit) by 
their distances below that level. (See pp. 65, 66.) 

The energy of motion will have to be expressed, as 
in p. 51, so as to take account of rotatory motion of 
wheels, &e. 

And tiien, if we know the positions of all the weights at 
the moment the machinery is put into gear, when there is no 
kinetic energy, we shall have, throughout the motion, the 
sum of the kinetic and potential energy in any given posi- 
tion equal to the original potential energy at starting. 
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As, in most machinery, the motions of all parts are known 
when that of one is — ^there being generally no independent 
play of the parts allowed — this Equation tells us the whole 
course of the motion and work done until some weight 
touches the groimd. 



We have seen, so far, where that energy is to be foimd 
which interchanges with kinetic energy, when the forces 
which do work are permanent — always ready to act in 
the same way when masses are in the same relative posi- 
tions, and dependent for their magnitude and direction 
solely (yti those positions — not on the velocity or other 
condition of the masses ; and we have given it a name. 

But we have already given examples of forces which do 
not — -at least, apparently, and at first sight — come under 
this description. The friction of the furrow, for instance 
(p. 33), only acts to oppose motion — it never originates 
it : and it changes from one direction to another as the mo- 
tion does. The forces causing a rebound in the bodies which 
are imperfectly elastic, or imelastic, in the stricter sense-^- 
that is, even taking account of the internal vibrations 
(see p. 56) — are another example : they oppose the com- 
pressing energy more than they urge on the rebound. 

We now see that the work done against these forces 
always exhausts an existing energy : kinetic, when a mass 
in motion is gradually or suddenly brought to rest by 
them ; potential, when it is dragged along a surface by 
the force of a weight over a pulley or the like appliance 
of gravity ; or of that kind which resides in the animal 
frame (p. 32) when it is the work of horses. We must 
therefore seek for an equivalent gain elsewhere. 
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THERMAL AND OTHEE ENERGIES. 

IMPACT, FRICTION, AND HEAT. 

We have, then, so far as the limits of an elementary 
treatment permit, gone through our illustrations and 
proofs of the Doctrine of the Conservation of Energy as 
it was known and expounded, under a dififerent name, up 
to half a century ago, and as it would apply to natural 
actions of a dynamical character, if all motions were 
either of masses moving in empty space with no contact, 
or of masses connected by perfectly flexible strings, or 
sliding along perfectly smooth surfaces ; and if impinging 
bodies were all perfectly elastic. 

In such a world, however varied the play of motions 
might be, the sum total of the kinetic and potential 
energies would remain the same. The planetary motions 
exhibit a sensibly perfect specimen of such a system. 
There is, indeed, reason to suspect that the space in which 
these motions take place is not absolutely empty — ^that it 
is pervaded by extremely attenuated matter. If so, 
collision must be constantly taking place, and, we must 
suppose, friction also ; but no signs of this have been de- 
tected in the motions of the large masses — the planets. 
Accordingly, from age to age, their velocities and their 
relative positions, are connected by this Law of Conserva- 
tion. If we know what the exact positions of all the 
planets and satellites are now, and what they were a 
century ago, we can tell what the difference is between 
the total kinetic energies. 
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But these conditions do not exist on earth. Whenever 
dynamical work is done, the dynamical energy — kinetic 
and potential together— which is left to show for it is 
always less than what was spent, and the most prevailing 
causes of this apparent failure are collisions and friction. 

There are other causes, electric phenomena, &c., and 
there are cases where we may fancy dynamical energy has 
been destroyed, when it has in reality only become in- 
visible. For instance, the resistance of air to the motion 
of a mass, though it may be partly in the nature of friction 
and collision, is in great measure the result of motion given 
by the moving mass to the air by pressure — a true inter- 
change of ordinary kinetic energy given up by the solid 
mass with- kinetic energy imparted to the mass of the air. 
So, again, the vibratory motion which may be left after 
collision in perfectly elastic bodies (p. 56), or when we 
apply the force of our hands or breath to play a musical 
instrument, partly passes off in the form of wind, however 
gentle, and partly in that other more subtle vibratory 
motion of the air which, conveyed to the ear, produces 
the sensation of sound. 

But, after making all these allowances, there remains 
a farther loss, very commonly far the largest part of the 
whole, which cannot be traced to any resulting dynamical 
effect, as defined at the beginning of this treatise, or 
usually so called in books written before the most recent 
times. The only effect discoverable is most often, as 
mentioned above. Heat. 

That heat is produced by impact and friction can never 
have escaped observation.* But the discovery that the 
quantity generated is always exactly proportionate to the 
quantity of dynamical energy apparently lost, is a recent 
discovery, and is perhaps the most important contribution 
to our knowledge of the laws that connect all parts of 
nature that has been made since the time of Newton. 
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The example of work* done with no resulting Poten- 
tial Energy given p. 33 is a rough one. The plough 
does leave some other traces besides heat — ^raised clods, 
cohesion overcome in the moved soil, and increased, per- 
haps, in the subsoil. We may take more typical cases, 
where no other effect, or none worth considering, is left. 
Take, for instance, the case of the horizontal and vertical 
Q masses already given, only with the 

1 table not 'perfectly smooth.' The 
weight vg will drag along the mass 
Q, but the kinetic energy of the two will always be less 
than what is due to the potential energy lost, T^gh. 

Now, the proportion of P to Q may be so adjusted, with 
reference to the friction of Q on the table and the string 
on the pulley — and in strictness we should add the stiffness 
of the bending string, (p. 47) — that the case may be like 
that of our type of work done (pp. 32 and 36) ; the motion 
may be started by the hand, and then the force of gravity 
on p may be just suflBcient to balance these resisting 
forces, and keep the apparatus going at the imiform rate 
so impressed upon it. And if the materials of which Q 
and the table are made and the degree of polish be 
judiciously chosen, there may be no perceptible change in 
these qualities after himdreds of repetitions of the experi- 
ment. In this case, then, if the supposed equivalence 
between the heat gained and the dynamical energy lost 
really exists, we ought to find, very approximately, a 
definite proportion between the heat evolved and ^gh\ 
and the proportion thus found in one experiment ought to 
appear also in any other similar one. 

A case where the materials are still less liable to be in 
any degree changed in character is where the friction, or 
collision, is between a fluid and a hard metal. If water 
be shaken in a tin pail and then let alone, it will soon 
come to rest. Its kinetic energy will have disappeared, 
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and, if evaporation be prevented, neither water nor pail 
will show any change whatever, except in temperature. 

It was by experiments of this kind that Mr. Joule fully 
established the equivalence in question. 

He constructed a machine like a chum, complicating 
the interior with compartments, so as to check as much as 
possible any motion given to the fluids. The chum was 
worked, humming-top-wise, 
with two equal weights hang- 
ing over pulleys, pulling at 
the opposite ends of a string 
wound round the axis of 
the churning vanes. A scale 
of feet and inches, placed 
vertically by the side of the 
weights, would show through 
what distance they have 
moved from time to time; 
and if the proportions of 
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everything are so arranged that uniform Tnotion is at- 
tained before the close of the experiment, this final velocity 
can be measured also by the scale. The experiment 
being then stopped by disconnecting the weights, the 
fluid would very soon come to complete rest. 

Suppose the sum of the two hanging masses to be w, 
and the distance fallen by each of them h. We should then 
have spent potential energy to the amount ofvr gh. And 
the only dynamical energy we should have to show for it 
finally would be the kinetic energy with which they left off, 

X square of final velocity. The quantity of heat pro- 



w 



duced in the fluid and the other parts of the apparatus 
ought, therefore, to account for the difference between 
these two quantities. 

The heat evolved about the pulleys and string could 
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not well, by direct means, be ascertained and separated 
from the rest. But the amount of potential energy which 
has actually been consumed in this part of the apparatus 
can be detected and allowed for on the principle explained 
in the last illustration. . 

We can disconnect the upper part of the axis from the 
vessel, adjust the string so that the weights shall pull 
against each other, and then try what excess of weight must 
be applied on one side, to overcome friction, and give the 
same velocity that was obtained in the full experiment. 
Let this be p g* Then, out of the whole potential energy 
Yf gh spent in the experiment, an amount T^ g h has gone 
to overcome the friction in the pulleys, &c., and (w — p) 
ghva what has eventually produced the final kinetic energy 
and the heat. 

If then the vessel be worked in a calorimeter (such as 
that described p. 30, or any other similar contrivance) we 
can ascertain how much this heat amounts to, and observe 
the proportion between thermal gain and dynamical loss. 

Similar experiments were made on various substances — 
water, quicksilver, alcohol, oil, &c., for the liquid ; brass, 
iron, wood, &c., for the churning vanes. And the more 
carefully the experiments were conducted the more did 
the results agree ; and the conclusion now received is, that 
the ea^enditure of 772 foot-pounds of dynamical energy, 
when all spent on the production of heat, by whatever 
intermediate contrivan/ies, generates one unit of heat. 

A great number of experiments of the most various 
kinds, and by different persons, have also been made — 
not all of them concerned with friction or collision, but 
with these conditions running through them all: that 
energy was spent with a dynamical result less than the 
proper equivalent ; and that the electric, chemical, and 
other physical characters of the bodies operated upon 
(however much they nught vary during the experiment) 
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were the same at the beginning and the end of the experi- 
ment. And the missing energy was always found replaced 
by heat, and always (allowing for the inevitable want of 
perfect accuracy in such delicate measurenients) in the 
same proportion as above mentioned. 

Hence we conclude that, in the interchange of physical 
actions, 'The unit of heat added or subtracted to or 
from any system is the thermal equivalent of 772 foot- 
pounds, or 772 g absolute units of dynamical energy, 
kinetic or potential.' 

A few miscellaneous examples will familiarise the 
student with the meaning and application of this fact. 

(a) Suppose 9 lbs. of iron to fall (in vacuo) through 
772 feet, and then to plunge into a vessel containing 8 lbs. 
of water, both iron and water being at temperature 60® 
Fahr. The water will check the motion, and we may 
suppose the final clash on the bottom not to break up the 
mass of iron, or otherwise sensibly alter its quality ; and 
after a time the disturbance of the water will cease and all 
come to rest, and, finally, to one uniform temperature. 
Supposing no sensible amount of heat to have escaped into 
the air or the coats of the vessel, the dynamical energy 
9 X 772 foot-pounds has all passed into heat, and should 
therefore have generated 9 units. Now (p. 29) 9 lbs. of iron 
require one unit of heat to raise the whole from 60** to 6 P. 
The other 8 units will serve to heat the 8 lbs. of water to 
the same temperature : and so the whole will stand at 61°. 

(b) Suppose the experiment with Clarke's magneto- 
electric machine (described in page 7) concluded without 
using the wire to decompose water. The end will be 
simply the heating of the apparatus. If we collect and 
measure this heat — for example, by plunging the whole 
into a vessel of water — we should find the total quantity 
of heat generated equivalent to the kinetic energy which the 
same expenditure of steam in our steam-engine could have 
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given to a fly-wheel, or to the foot-pound work it would 
have done in pumping or raising coal. 

(c) Let two balls, of equal mass m, hang side by side 
in contact, as in the figure, by strings attached to a hori- 
zontal beam ; let them be each drawn aside through the 
same angle, and be raised to the same height (A) above 
their original position ; and then let go. Then— 

The kinetic energy with which they clash will be 
2 m g hyOT 2 mhin foot-pounds. 




If they be perfectly inelastic all this will be lost as 

2 TYh lb 

dynamical energy, and will be interchanged for ■ 

7725 

units of heat, or ' thermal eneTgy^ as we may call it for 

uniformity of expression. 

If they be imperfectly elastic they will reboimd, but 
with less velocity than that with which they came to- 
gether, and each rise to a height h\ less than h\ fn h! 
will be the foot-pound energy of each, due to the kinetic 
energy with which each rebounded, and the loss will be 2 m 

{h-^h'\ represented by )-— — '- units of heat. 

Note. — It is not always — ^perhaps, in strictness, it is 
never true — ^that this passage from visible motion to heat 
takes place vm/mediately. Vibratory motion in the inte- 
rior of the masses is, at all events, part of what takes the 
place of the visible rebound (p. 55). And unless the whole 
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apparatus is confined in a close vessel, some of the vibra- 
tory motion will escape into the air, and only be finally 
replaced by heat in consequence of friction in the air. 



If the student will now look back to the typical series 
of changes, each dependent on its predecessor, with 
which we conmienced (p. 5), he will see that we have 
attained to pri/ndples on which they may be measured 
and compared, up to the point where ' change of physi- 
cal condition ' makes its appearance, in the conversion of 
water into steam : although the actual calculation, besides 
the practical difficulty in ascertaining the amount of 
friction, &c. would involve higher mathematical know- 
ledge than he is supposed to possess. Thus, looking at 
the thing roughly, and leaving out of consideration the 
resistance of the surrounding air, we have — 

1. The fall of the water from the level at which it 
issues from the reservoir to that where it encounters the 
water-wheel. 

If it falls directly downwards, the kinetic energy at 
the lower level of each 1 lb. of water will be measured, in 
foot-pounds, by the height in feet fallen through ; and if 
it runs down a sloping channel, the only difiference will be 
due to the friction. If we observe the loss of motion, as 
compared with the calculation, we shall know what heat 
has been generated. 

2. The wheel and the other mill-gear are so connected 
that we know the proportion of the velocity of every 
part to that of any one part, as of the outside of the wheel, 
where the water impinges. And then mathematicians 
can calculate (p. 51, 7w>^e) what straightforward motion 
of the whole mass of wheel and gear would be equivalent, 
in its resistance to the impact of the water, to any given 
rotatory motion, and vice versa. 

We should then know, by the principles we have 
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established in respect of impact, what the effect of the 
impinging water would be on the machinery, if there were 
no friction of the parts ; and what the loss of kinetic 
energy and the equivalent of heat produced by the impact. 
The deficiency found in the actual result will measure the 
heat produced in the gear and in the water where the mill- 
stones are. 

There will be two stages in the working. At first 
starting, the water impinging on the wheel while at rest 
will give it and the gear, &c. more and more motion, 
each portion of the water being more completely checked 
in its speed, and resting longer on the wheel, than in the 
second stage ; in which, every motion being accelerated, 
the energy applied will be just suflBcient to overcome the 
friction of all the parts, and the motion and production of 
heat will both be steady. 

We now proceed to examine the phenomena of hoilmg 
water and cognate changes, though very briefly, and 
only so far as is necessary to get an adequate notion of 
the measure of the action compared with other work 
done. 



CHANGE OF PHYSICAL CONDITION. 

The very oldest speculation on Physical Science that 
we know of is the doctrine of Thales of Miletus, about 
600 B.C. : that water is the substance of all things. Per- 
haps, could we cross-examine him, his essential meaning 
might be foimd to be, that all things can, like water, 
exist in the fluid, the solid, and the aeriform, vaporous, or 
gaseous state. 

At any rate this seems now a probable opinion. Al- 
most all simple substances are known in at least two 
states; and those which, while simple, are only known as 
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solids, as carbon, can form part of combinations which 
are gaseous. 

These changes of physical condition depend on the ap- 
plication or withdrawal of heat ; or of mechanical pressure. 

Universally, if a solid can become liquid, or a liquid 
assume the vaporous or gaseous state, the application of 
Iieat in sufficient quantity will eflfect the transformations 
in this direction, and the withdrawal of heat will reverse 
them. And, with one or two exceptions (the freezing of 
water being one), extra pressure tends, in the opposite 
direction, to liquefy vapour and solidify liquids. 

Eeferring the student to works on Heat or General 
Physics for a full treatment of the subject, we will here 
only say what seems necessary to exemplify our principle, 
and show that there is a numerical equivalence in these 
changes. 

As explained in the section on the Measurement of 
Heat, a scale of temperatures has been established, ex- 
perimentally, and we know how much heat is required to 
raise a pound of any substance from a temperature f to 
another f^j while it undergoes no other change.* 

* To speak strictlj, the experiments usually made on solids and liquids 
are so conducted as to allow some change besides that of temperature, for 
the substances are allowed to expand and contract freely under the pressure 
of the atmosphere. Thus, take the familiar instance of quicksilver, to 
which a certain quantity of heat is applied. It produces three separate 
effects : Ist, it increases the temperature of the substance ; 2nd, it alters 
the physical condition of the substance, expanding it ; 3rd, it does dyna- 
mical work : for the expansion is a motion of the surface against the force 
of the air which presses on aU sides against it. 

These circumstances have to be borne in mind, and allowed for as occa- 
sion may require ; as when we are dealing with bodies under different 
pressures, or when comparing the case of free expansion under some pres- 
sure with one where the body is prevented from expanding at all, by con- 
tinually increasing the pressure as more and more heat is applied. But in 
the case of most solids and liquids the difference is very small, and we 
shall only pursue this subject (in a subsequent section) in the case of 
vapours and gases, when the results are import^int. 
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But if we are experimenting on a liquid — say water — 
and do not prevent evaporation, our experiments will soon 
be vitiated. We may retain the vapour in the chamber, 
and take account of its mass and its temperature (which 
latter will be the same as that of the remaining liquid), 
but that temperature will be sensibly less than what the 
quantity of heat applied should produce according to the 
above-mentioned scale. In other words, evaporation 
reckons as work done, and heat disappears in proportion ; 
just as dynamical energy disappears in the production 
of heat. And when 'boiling-point' (21 2** F. or 100** 
Cent.) is reached, no amount of heat will sensibly raise 
the temperature till all the water has been converted into 
steam. 

We will here, by way of example, show how the nu- 
merical equivalence is made out in this case. 

While the water is kept boiling let the steam be col- 
lected — as in a still — by covering the vessel with a hollow 
lid, whence a small thin pipe is led into a vessel of cold 
water, through which it passes in a long coil, sufficient to 
cool it down and condense it into water again ; all proper 
precautions being taken to prevent the escape of heat and 
maintain the steaih, as it reaches the coil, at the tempera- 
ture of 21 2^ 

■ 

Suppose the water in the cooling vessel to be at 60^, 
and its mass M. Let the experiment go on, keeping the 
water stirred, so as to acquire the temperature of the pipe, 
xmtil it has reached to 61**. Then disconnect the pipe 
from the boiler, and ascertain the quantity of water in the 
coil : let this be m. 

Then a mass m of steam at 212® has, first of all, 
passed into water at 212°, and then been cooled down to 
61**; and this operation, when complete, has wamgied a 
mass M of water by 1**, besides the metal of the coil. 

The cooling of (m) from 212° to 61°, or through ,161% 
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will, we know, yield 151 units of heat, very nearly (we 
might find the exact quantity in tables p. 30). And we also 
know how to allow for the quantity necessary to heat the 
coils, of known material and weight, from 60° to 61° ; 
call this n imits : then we have 151m— ti imits from this 
source gone to heat the water in the vessel. This would 

raise it — ^,"~ degrees. The excess of heat in the 
M 

water, M | 1 — > has been caused by the con- 
version of the steam (m) into water, without change of 
temperature. 

When such experiments are made we find that the 
mass (m) of steam undergoing this conversion does as 
much * thermal work' — cheats as much cooler water — as 
965m of water does in losing one degree of temperature. 

If, on the other hand, we put ice at 32° (freezing- 
point) in a vessel of water at 61°, until the whole is 
reduced to water at 60°, similar calculation and reasoning 
show that it takes 144 units of heat, out of the water, to 
convert 1 lb. of ice at 32° into water without change of 
temperature. 

Therefore, if there are such permanent numerical 
equivalences in nature as our theory requires, the con- 
version of 1 lb. of ice into water is equivalent, as work 
done, to the raising of 144 lbs. of water from 60° to 6 1° ; 
or to raising 144 x 772 lbs. weight 1 foot against gravity;, 
or to giving to 1 lb. of matter of any kind a velocity of 
^2 X 144 X 772 x 32^ or near 2,700 feet per second 
(by the equation v^ = 2gh^ or v = \/2gh)» 

And the conversion of 1 lb. of water to steam at 212° 
is numerically expressed in the same way, substituting the 
number 965 for 144. 

Many series of experiments of this kind have been 
made on every kind of substance which can subsist in two 
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or more physical states, with perfectly consistent results, 
establishing the scale of equivalence between quantity of 
heat and change of physical state, where no other work is 
done or undone ; both when the changes are, as above, 
from solid to fluid, requiring heat, and in the reverse order, 
requiring heat to be given out from the changing body 
to surrounding space ; and we may take this branch of 
our doctrine as long ago settled. 

It may, perhaps, be taken for granted, after what has 
been shown in this and the preceding section — ^and at all 
events experiment will prove — ^that when dynamical work 
is done (as in Joule's experiment), with no dynamical 
energy to represent it, and the substance is in a condition 
in which the direct application of heat would, wholly or 
partially, go to changing its physical condition ; then 
that change will be effected to the precise amount required 
by the equivalence established between dynamical and 
thermal energy. For instance, if our millstone work in 
water which is already at the boiling-point, for every 772 
foot-poimds of work done on them by the mill-stream and 

intermediate gear they will evaporate ^— - lbs. of water ; 

while, at a lower temperature, they will partly heat and 
partly evaporate water, so as to make up the same total 
according to the scale established by experiment. 

While men of science were unobservant of the fact of 
the production of heat from mere motion — while they did 
not speculate upon it, though they knew it in miany cases 
— they were inclined to consider heat as a svJbstaTice^ a 
kind of matter; although everything was against the 
notion that it had that one property which is the essen- 
tial dynamical characteristic of matter — subjection to the 
laws of motion and force. And, with this notion in 
their heads, they explained the above-mentioned facts by 
assimilating water to a chemical combination of ice and 
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the substance of heat — caloric they called it — ^and steam 
to a combination with a larger quantity of it ; just as, in 
chemistry, we have compounds of sulphur with one, two, 
or more proportions of oxygen. Then, just as the taste of 
the sulphur disappears in sulphuric acid, the warmth might 
disappear from the water. And so the phrase came into 
use of ' latent heat,' as expressing the quantity of heat 
that was in the steam, over and above what was in water 
of the same temperature. Now that we have distinctly 
perceived that, by merely stirring it, we can get cxs much 
heat as we please out of water, extracting it gradually at 
low temperatures, by placing cold bodies in contact with 
it, and leaving the water with exactly the same properties 
it had before, it seems impossible to conceive thus of heat. 
And if we are to seek for a phrase applicable to the facts, we 
might speak of steam as having potential heat, or poten- 
tial thermal energy, in comparison with water, and water 
in comparison with ice, just as we speak of the raised 
weight having potential dynamical energy in comparison 
with one on the ground. But the phrase is not in use. 



ENERGY DERIVED FROM HEAT. 

We have seen that quantity of heat may stand as the 
representative of a dynamical energy which has been 
spent in producing it ; and, so far, should rank as ' work 
done.' We know already that a heated body can expend 
some of this thermal energy in heating a colder body ; 
and that this action will leave the total amount of energy 
unaflfected. We will now farther enquire whether, just as 
kinetic and potential energy in Dynamics can vnterchange^ 
so thermal energy can, to any extent, be employed to re- 
produce either one of them ; that is, directly or indirectly, 
do dynamical work. 

Q 2 
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Now, as to direct action, we have already seen that it 
is almost the invariable rule — though there are important 
exceptions — ^that heat imparted to a body expands it 
against the pressure of the atmosphere, or whatever 
medium may surround it at the time, unless simultaneously 
an increased pressiu-e is applied externally to prevent the 
expansion. The familiar means by which we measure 
temperature is an instance. Heat applied to the mercury, 
or other fluid in the thermometer, expands it ; and if the 
tube be open to the air, the column rises against the 
atmospheric pressure which, as we see in the barometer, 
tends to press it down. Besides which, even if the tube 
is empty of air, the mere expansion itself, if it be set up 
vertically, is work done against gravity. 

And i^ in any such case, expansion can be altogether 
stopped by vncreasmg the external pressure — fitting an 
air-tight disk on the tube, for instance, and loading it — it 
will be found that, for the same quantity of heat applied^ 
the temperature given to the substance will be increased. 
That is to say, a given quantity of heat may either be 
entirely spent in giving temperature to a mass, or partly 
in this and partly in doing dynamical work ; and, of 
course, according to our principles, the more it does of 
one kind of work, the less it can do of the other. If this 
extra pressure is not sufficient to stop all expansion we 
may have different proportions of dynamical work and 
increase of temperature, which complicates the problem. 

But we will not pursue this subject into details, but 
will confine ourselves to one very important branch of it, 
the most thoroughly worked out and the most easily 
explained — the elasticity of gases, in which the separation 
between the thermal and dynamical actions can be readily 
made. 
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DYNAMICAL ENERGY OF ELASTIC FLUIDS. 

An elastic fluid (gas or vapour) is. one which, when con- 
fined in any vessel, always fills it and presses against its 
sides, tending to expand itself farther until met by a 
pressure equal to its own. 

Thus, if we have air in a vertical cylinder closed by 
a movable piston, it will stand at a certain level when 
placed in the open air. If we introduce it into the 
receiver of an air-pump and exhaust the air, we relieve it 
of some of the pressure which kept it down, and the 
piston will rise ; if, on the contrary, we pump more air 
into the receiver, we increase the pressure, and the piston 
will sink. 

By the * elasticity ' of a particular gas confined in a 
vessel is meant the degree of force with which it is pressing 
against the sides, and it is measured, numerically, by the 
amount of force exerted on each unit of surface — square 
foot, or square inch, &c., as we may agree. This elasticity 
is known and fixed for every kind of gaseous substance 
(air, hydrogen, steam, &c.), when we know what the sub- 
stance is, its temperature, and density. 

When we distinguish between ' gases ' and * vapours ' 
we mean by the former word elastic fluids which retain 
their elasticity within the range of pressure and tempera- 
ture to which they are ordinarily, in natural circumstances, 
subjected. By * vapours ' we mean such fluids as are found 
in ordinary nature to be near the point where they become 
converted into liquids. Thus steam is a vapour, because 
a slight cooling will reduce it to water ; carbonic acid gas 
is a gas, because it is only by artificial means that we can 
reduce it to a liquid or a solid ; common air has a still 
better title to the name of gas^ and is described as a 
' perfect gas,' because no means have yet been devised for 
reducing it to another state. 
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As has been already stated, most gases have been proved 
to be, like steam and carbonic acid gas, capable of existing 
as a liquid or solid ; and it is the work of heat to convert 
them from solid to liquid, and from liquid to vapour and 
gas. Up to a certain point heat applied to a liquid 
increases its temperature, usually expanding it somewhat 
in bulk ; after this point it ceases to give it temperature, 
but expands it and gives it the gaseous character — the 
power of expanding against pressure. 

And whether it be true or not that this is the origin 
of all gases, at any rate, heat applied to any gaseous 
liquid confined in a given vessel does invariably increase 
both its temperature and its pressure against the sides of 
the vessel ; that is, it gives it capacity both to warm 
other bodies and to move them. Therefore, according to 
our principles, either of these actions will require an 
expenditure of energy. If the gas is allowed to do work 
on the piston, it must either lose temperature, or elasticity 
(resume or come nearer to its condition as a liquid), or do 
both. And so it does. 

Elasticity does dynamical work in the receiver of an 
air-pump when it is being exhausted. The action is not 
like that of the common water-pump, in which, when the 
pressure on the surface of part of the water in the well is 
relieved by making a vacuum above it, the air — an external 
agent — exerts force and pushes the water up the pipe. It 
is the air in the receiver itself which in some way causes 
a portion of it to rush violently out at the valve, giving to 
this portion a sensible kinetic energy. And accordingly, 
it has long been known (though this explanation was not 
thought of till recently) that cold is produced ; that is, 
heat disappears. We must now look out for some manage- 
able shape of experiment to enable us to measure the 
quantities concerned. 

The action is obviously precisely the same when air 
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compressed in a vessel, so as to be denser than the sur- 
rounding air, is then allowed to rush out by turning a 
stopcock. Accordingly, the vessel is found to be cooled, 
and the quantity of heat lost may be ascertained by 
keeping the vessel immersed in a water-bath, and seeing 
how much water it can cool by 1°. 

But in this (an old experiment) we take no account of 
what happens to the air that escapes. 

Mr» Joule varied the experi- 
ment by having two vessels, con- 
nected by a pipe and stopcock. 
In one the air was very much 
compressed ; in the other, it was 
in its usual state of atmospheric pressure. They can be 
either placed each in a separate water-bath, provided with 
a thermometer, or both in one. 

When the communication is opened air rushes from 
one vessel to another. If the cock be closed before the 
density has become uniform in both, the air that was in 
violent motion in the second vessel almost immediately 
comes to rest. Kinetic energy, which had been produced 
at the expense of heat (as we saw), has now disappeared, 
and therefore, according to our previous investigations, 
heat should appear in its place. And it does so. When 
the two vessels are in separate baths the first is found to 
have cooled the water, and the second to have heated it. 
When they are in the same bath no perceptible efifect 
is produced : the heating and cooling are almost, if not 
quite, equal. 

When experiments, the same in principle as these, are 
made with extraordinary care on some gaseous bodies — ^. 
carbonic acid, for instance, or heated steam — it is found 
that the final result is a slight cooling. But with common 
air, hydrogen, and generally those gases which are most 
removed from that state of pressure and cold in which 
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they may be expected to become fluid, the diflference, if 
any, is insensible to all present tests, or very nearly so. 

That in the whole process some heat should be lost is 
not extraordinaiy, for the gas is not in the same state at 
the beginning and end of the operation. It has expanded 
itself. And we merely conclude that in so doing it has 
expended some of its energy ; that is, that it cannot go on 
expanding itself indefinitely, but will lose its elasticity, 
unless heat be supplied to it. 

But the experiments show that with the more perma- 
nent and, as they are called, ' perfect gases,' within the 
limits which have been observed, mere expansion costs 
notki/ng measurable^ any more than horizontal displace- 
ment on a perfectly smooth surface, or alteration of shape 
in a * perfect fluid ' or * perfectly flexible string ' : motion, 
and consequent kinetic energy, must, it is true, be given 
to the masses in order to alter their shape and size ; and 
this costs something ; but either this remains as motion, 
or else, if destroyed by friction or impact, it gives equi- 
valent heat to the system. 

If, then, the energy of a perfect gas, such as air, 
instead of being allowed to give itself kinetic energy, as 
in the last experiment, be employed to raise a weight with 
a steady slow pressure, we ought in this case also to find 
a disappearance or expenditure of heat exactly equivalent 
to the foot-pound work done. 

The following facts and calculations will prove that 
it is so : — 

If air confined in a cylinder with the piston clamped 
down be heated, it is clear that the heat does nothing but 
warm the air. If the piston be undamped and allowed 
to adjust itself to the pressure of the air in the interior, 
and heat be then applied, the elasticity will be gradually 
increased, the air will expand, raising the piston against 
its own weight and against the pressure of the exterior 
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atmosphere; the applied heat thus at the same time 

giving temperature to the air, and doing foot-pound 

work. The heat required in this case to raise the mass of 

air by 1° ought to exceed the quantity necessary in the first 

. 1 i.1 .1 .'J. workdoneinfoot-pounds. 
case by the numerical quantity = — £- 

The numbers which have to be taken from experimental 
data are variously given in diflferent books of authority, 
the necessary experiments being of a very delicate nature, 
and so liable to slight errors. A ^election might be made 
of them bringing out the result we expect with a very 
marvellous accuracy. The data here used are taken 
without any aim at giving a greater appearance of 
certainty than the fects seem to warrant. It is well that 
the student should have the opportunity of seeing that 
physical evidence is, after all, not quite the same thing 
as mathematical reasoning and calculation. Our certitude 
in such matters is gradually acquired by seeing how ex- 
periments more and more carefully made come closer 
together in their results, and at the same time fit in more 
and more with the theory. 

If we have 1 lb. of air in a cylinder, with a base one 
foot square, and with the ordinary pressure of the air upon 
it (taking no account of the weight of the piston itself, 
which may be made as thin as we please), and at the 
temperature of freezing (32** F.), the height at which 
the piston will stand will be 12*393 feet ; in other words, 
tlie weight of 12-393 cubic feet of air under these cir- 
cumstances is 1 lb. Air, under a given pressure, expands 

by about j^th of its volume for every rise of 1° F. 

(•03665 for 1° Cent. Begnault, in Jamin). Therefore, 

12*393 
when heated to 33** the piston will have risen — ft. 

*x\/ 1 

The pressure on the piston, in these circumstances, 
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is 2,116 lbs. Therefore the foot-pound work done is 

, and the equivalent heat should be 

491 ^ 

2116 X 12-393 

491 X 772 

On the other hand, the quantity of heat necessary to 

raise 1 lb. of air under constant pressure by V F. is 

found to be 0*23741 (Eegnault, in Jamin). And the 

quantity necessary to produce the same rise of temperature 

when no expansion is allowed is found, by experiment and 

calculations having no reference to this theory, to be 

th of this, or ——.-—. The difiference between these 
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two quantities is -— — x '23741, And this difference, we 

have seen (p. 89), ought to be equal to the quantity (a). 
Actual calculation brings them ^ out respectively about 

0-0692, and 0-0688, the difference being ~ or -1- of 

b68 167 

the smaller quantity — quite as close as can be reasonably 

expected. 

In our typical series the steam-engine was taken as 

the example of dynamical work done by the elastic force 

of vapour, dynamical energy being also the origin of the 

vaporisation of the water. The action here (at least when 

the steam is passed direct from the boiler to the cylinder) 

is less simple, the behaviour of steam not being quite the 

same as that of gas. And nice measurements of work 

done are not easy in working machinery. Nevertheless, 

the attempt has been made by M. Him, an engineer of 

Alsace, with results roughly agreeing with theory. We 

will here, assuming the equivalence of heat and work to be 

established, point out how the efficiency of a steam-engine 

must be measured, and in what the main difference 

between steam and air consists. 
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When water, kept at a fixed temperature, gives out 
steam into a limited chamber in free communication with 
it until it has filled the chamber, the steam and water must, 
like all other bodies in contact, have the same temperature. 
And it is found that when the steam has attained a 
certain density, greater the higher the temperature main- 
tained, evaporation ceases. If heat be added, both water 
and steam rise in temperature ; and then, of course, more 
evaporation takes place, in accordance with the above 
statement. If, on the other hand, we try to condense the 
steam by pressure, some of it passes into water again (see 
p. 79), giving out heat in the process, and a readjustment, 
in accordance with our statement, again takes place. 
But for a given temperature there is an ascertained given 
density of the steam evaporated which can be reached but 
can never be exceeded, and which is known as *the 
density of saturcuted steam,' for that temperature. And 
steam of a given density and temperature, as has been 
stated (p. 85), has a given and known elasticity. All 
these connected quantities have long ago been recorded 
and tabulated for practical use. 

We can, then, measure with little difficulty exactly how 
much thermal energy is sent into the cylinder from the 
boiler per second or minute. This steam is let in, alter- 
nately, on one side and the other of the piston, driving it 
backwards and forwards, and so working the machinery ; 
and at the end of each stroke that which entered and did 
its work, and so is weakened in its elastic force, is put 
into communication with, and partly expands and is partly 
driven by the return stroke, into a condenser, which we 
may here suppose to be a coil passing through cold water. 
The quantity of heat thus brought out of the cylinder is easily 
ascertainable, as in pp. 80, 81. The diflference between 
the thermal energy brought in and finally expelled is, then, 
what has worked the engine. The work will consist partly 
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of overcoming friction (with production of corresponding 
heat), and partly of motion given to wheels, &c,, and 
partly of external work — pumping, &c. The sum total, 
reduced to foot-pounds, should be 772 x the diflference 
of the incoming and outgoing quantities of heat. 

It used to be taken for granted that what passed out 
of the cylinder into the condenser is steam. And, having 
tables of the quantity of heat represented by a given 
quantity of steam of given elasticity, it was thought 
sufficient to measure the elasticity of the vapour as it 
passes out of the cyUnder by letting it press on its passage 
against a spring and noting how far it moved it, or some 
similar contrivance; and then, from this observation of 
the elasticity and from the known quantity of steam that 
passed from the boiler, to calculate the heat lost, instead of 
measurvng it as above explained. - This would have been a 
correct method, had the substance used been a heated gas, 
like air. But the fact is that saturated steam, when it 
expands, doing work against a pressure, does not at once 
become cooled, but part of it returns to the state of water 
(see p. 86) ; the heat which this transformation evolves, 
which would heat surroxmding water, here supplies the 
energy necessary to enable the remaining steam to do the 
work on the piston, and so what comes out into the con- 
denser is a mixture of water and steam of equal tempera- 
ture, or thereabouts. The old form of engine is, therefore, 
much more efifective — does more work with a givren con- 
sumption of heat in the furnace — than was at first 
calculated. The more modern practice, or that which is 
becoming more common, is to superheat the steam — heat 
it in a chamber after it is cut oflF from the boiler — and then 
pass it into the cylinder. It then has the properties of a gas, 
and the inconvenience of the formation of water is avoided. 
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ELECTRIC ENERGY. 

In our typical series Electricity is introduced as a tem- 
porary state of the conductor (or, it may be, of the air, &c. 
surrounding and intervening between the parts of the 
apparatus), leading on to the production of heat or che- 
mical change : much as the temporary stretching of the 
string, in our dynamical illustrations, passes the force on, 
as it were, from the hand, or from one weight to another 
weight. In both cases, at the end of the operation, the 
intermediate agent, the electrified body or the stretched 
string, &c., returns to its original state, and we have only 
to compare the prime mover and the final result. The 
illustration already given (p. 75 b) is sufficient to make the 
principle clear to the student, where heat alone is the final 
outcome. The case of chemical decomposition partially 
taking the place of heat will be treated in the next 
section. 

And these are, in truth, the more important aspects 
in which this very imperfectly understood agent presents 
itself in nature. The outcome of the thunderstorm is 
mainly in the flash of lightning, which is a sudden passing 
into be^t of a previously electrified state of clouds, earth, 
and intermediate air — the attractions and repulsions which 
have been made so useful in telegraphy are but bye-inci- 
dents, so to say, in a process which may be described as 
the conduction of chemical action or its result to a dis- 
tance. At all events, neither the amount of experimental 
knowledge nor the mathematical analysis which has been 
applied to explain and connect the facts are such as appear 
to bring the science of Electricity within the proper scope 
of this treatise. We pass on, therefore, to chemical 
decomposition and recomposition, including something of 
the connection of these processes with galvanic electricity; 



94 THERMAL AND OTHER ENERGIES. 

only observing that if electric eflfects remavn at the 
end of an experiment or are produced beyond the range of 
the particular system we are observing, we must allow for 
this as work done, in summing up our results. 



CHEMICAL ENERGY. 

The discovery that Quantity of Heat ranks, as a nu- 
merically measurable thing, with dynamical work done, 
has made the production and expenditure of heat the cen- 
tral phenomenon which connects all branches of physical 
science. It is not always so much the facts that are new 
in each science (though the new theory has often led to 
new experiments), as the relation in which they are found 
to stand to other facts. 

It is not new, for instance, that chemical action, the 
composition and decomposition of elementary substances, 
sometimes evolves much more heat than what (if any) 
may be required to start the action (which is what we see 
whenever we light a fire), nor that, in other cases, great 
heat has to be supplied from external sources in order to 
carry on the action at all. Nor yet is it new that chemi- 
cal action is one of the main sources, directly or indirectly, 
of motion: the combustion of coal is a chemical action, 
and works the steam-engine ; the explosion of gunpowder 
is another, and fires the cannon ; and, as has been men- 
tioned, animal energy has its source in chemical change 
within the body. 

But the connection between these facts was not seen ; 
and each experiment was often made, and the result noted, 
without attending to the reverse effect when the experi- 
ment is inverted, or the calculation of the compound effect 
when several processes went on together. We are now, by 
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our doctrine, enabled to see much of what ought to he, and 
to test our expectation according to circumstances. 

In gefnercd, where two chemical elements, or com- 
pounds, comMne to form a new one, without being accom- 
panied by any other phenomenon, heat is evolved ; even 
though, as is very commonly the case, no action at all 
takes place without the preliminary application of some 
heat. Thus, charcoal is almost pure ' carbon ' — one of the 
elementary substances. Now, it will remain unchanged as 
long as we please in air of the ordinary temperature. But 
if we apply a lighted match to one end of a piece, and 
once kmdle it, it will hum — ^that is, unite itself chemically 
with the oxygen of the air, evolving heat — and this com- 
bination will form a gas, carbonic acid gas. The quantity 
of heat evolved in this process can be measured thus : — 
Let the carbon, first lit at one end, be placed in a 
vessel, itself surrounded with water ; let pure oxygen be 
supplied through a pipe, and let the gas produced pass out 
through another pipe, led from the top of the vessel, into 
the surroimding water in coils of sufficient length to 
ensure its being cooled down to the common temperature 
before it emerges into the air again — ^an apparatus closely 
resembling the still (in p. 80), only with the burning char- 
coal taking the place of the boiling water. Then we can 
measure how much oxygen we supply, and can also see 
how much heat is given out to the water for any given 
weight of carbon burnt into carbonic acid gas. It is 
found that in 44 lbs., ozs., or grains, &c. of carbonic acid 
gas there are 12 parts of carbon to 32 of oxygen, and that 
the quantity of heat evolved is about 96,960 units, or 
2,203 units to the lb. of gas produced, or 8,080 to the 
1 lb. of carbon burnt. 

If, then, our doctrine be at all applicable to chemical 
change, the combustion of 1 lb. of carbon, when it is so 
carried on as to result in the production of this gas, 
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reduced to the original temperature of the materials used, 
and with no dynamical or other effect simultaneously 
produced, ranks as work done to the numerical amount 
of 8,080 units of heat: which, again, is equivalent to 
772 X 8,080 foot-pound units of work. 

If the gas, in the course of its formation, does work — for ex- 
ample, if it is collected in a cylinder exhausted of its air, and 
expands by lifting a piston — the heat measured will, of course, be 
less by the work done — ^area of piston in feetx 2,116 (pp. 89, 
90) — and also by the small expenditure necessary for expanding 
the gas itself (pp. 87, 88). 

On* the other hand, to reduce the gas back to its ori- 
ginal constituents in their original state should require 
the application and disappearance of 96,960 units of heat, 
or some equivalent energy. 

Supposing all this true, we should farther infer that 
for every 1 lb. of carbon which has entered into any 
chemical combinations and actions, starting in its simple 
state^ passing through any number of intermediate states, 
but appearing at the end of the operations as in composi- 
tion with oxygen in the state of carbonic a^dd gas, 
8,080 X 772 units of energy, measured on the foot-pound 
scale, should appear somewhere, within this system of ma^ 
terials or externally to them, as heat or work, m addition 
to the results of all the other combinations and operations, 
as the result of the exhaustion of the energy which was 
stored up in the carbon and oxygen. Similar experiments 
have been made with most other chemical elements and the 
several states of combination in which they may appear. 
Thus, the combustion of 1 lb. of hydrogen gas — the 
lightest gas known to us, and about fifteen times as light 
as common air — combining with 8 lbs. of oxygen, evolves 
34,462 units of heat. 

All our common fuels and sources of light — ^wood, oils, tallow, 
&c. — are compounds mainly of carbon and hydrogen. But, in 
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estimating the aihount of heat which may be got from them by 
burning them thoroughly into carbonic acid gas and water, we 
must observe that simple carbon and simple hydrogen will lose 
some of their energy in undergoing the preliminary process of 
passing from that simple state to that of wood, oil, &c. ; and we 
should therefore subtract this amount from the total arrived at 
on the above principles. 

There are, apparently, some cases of combination which, 
instead of yielding heat, require and consume heat in their 
formation ; but this makes no difference in the principles here 
expounded. They will give out the heat again in their decom- 
position,* 

These are the consequences we should draw from the 
experimental facts above stated or alluded to, on the suppo- 
sition that the doctrine of Energy applies to these actions. 
We njust now give some indications of the tests to which 
the theory has been subjected, and show how far they 
confirm its truth. 

Direct experiments to ascertain how much heat must 
be supplied from external sources, and must he spent in 
decomposing, say, water or carbonic acid gas, are not 
easily made. It is comparatively easy to measure all 
the heat that comes out of an apparatus such as above 
described, with water completely surrounding it ; but not 
so easy to ensure that all the heat produced by a spirit- 
lamp, a candle, or heated coals goes into a vessel where our 
materials are undergoing decomposition ; so that, though 
we may have ascertained very exactly how much heat we 
have thus created, we are still at a loss for any accurate 
measure of what we have so spent. The nature of the 
experiments that can be made is of the following kind : — 
We find, as above, that the combination of 1 lb. of 
, hydrogen with 8 lbs. of oxygen forms 9 lbs. of water with 

• , evolution of, in round numbers, 34,000 units of heat : 

; * Jamin, Coura de Physique^ II. p. 421 (1859), mentions protoxide of 

, nitrogen and peroxide of hydrogen. 

H 
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similarly we find that 8 lbs. of oxygen combining with 
33 lbs. of zinc form an oxide of zinc, with evolution of 
53,000 units of heat. 

If, then, we can enclose in one experimental vessel 
9 parts by weight of water with 33 parts by weight of 
zinc, and can get these substances to act chemically on 
each other, so that the water shall part with its oxygen to 
the zinc, leaving as the result 1 lb. of hydrogen and 41 lbs. 
of oxide of zinc, the first operation is equivalent, as work 
done, to the spending of 34,000 proportional parts of 
heat ; and the second to the evolution of 53,000 ; and the 
result ought to be a heating of the surrounding water in 
the proportion indicated by the difference^ or 19,000 parts 
(that is, if lbs. of the materials are used, then 19,000 units 

of heat should appear ; if grains, then the part of 

s 

this). And any number of problems of this kind can be 
treated as tests. Experiments of this kind, with fairly 
satisfactory results, have been made. 

The method of decomposition of water by an * electric 
current,' exhibited in our typical series, might theoretically 
be conceived to be used for ascertaining how much heat, 
or other energy, goes to the operation. Letting alone all 
the previous operations, and starting with the steam- 
engine, we should have to ascertain what the expenditure 
is there (pp. 91, 92) ; and then, if we could enclose the 
whole apparatus on which the engine acts in a calori- 
meter, the difference between the whole heat evolved and 
that due to the expenditure in the engine would be what 
had gone to the decomposition of whatever water should 
be found to have disappeared, vanishing into hydrogen 
and oxygen gases. And a modification of the process, 
making the apparatus much more manageable, really 
enables us to make measurements of this kind, and will 
also extend the student's acquaintance with electrical 
action — with ' galvanism,' or ' current electricity.' 



i". 
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If a bar of very pure zinc 3,nd a strip of copper be 
placed in a glass of water mixed with some sulphuric acid, 
without touching, and with a copper 
wire fastened to the top of each piece 
of metal, the ends of which can be 
brought into contact or used as in (pp. 
6, 7, Tiote) ; then, while the wires are kept separate, it 
will be seen that the materials are in an unusual state. 
Bubbles of hydrogen will be seen formed on and adhering 
to the zinc, and the wires will, by delicate tests, be found 
to be electrified.* But no continued action will be going 
on. It is like the water in the reservoir pressing against 
the sluice-gate and oozing through its chinks, waiting to 
rush down when a way is opened for it. There is stored 
up energy in the systein, all but acting. That energy we 
know to be stored up in the capacity of the zinc and 
oxygen to combine (p. 98) ; and, if action takes place, 
the work done by it will be the decomposition of water, 
with a balance to come out, in heat, or in some farther 
action to which we may be able to set it, at the rate of 
between 18,000 and 19,000 thermal units for every 33 lbs. 
of zinc consumed and every 1 lb. of hydrogen set free.f 
Meantime, there appears to be a nicely adjusted, easily 
disturbed balance between this tendency to chemical 
action, the existing hold that the hydrogen has on the 
oxygen, and a certain strain in the whole field of the ap- 
paratus, manifested by the electric condition of the wires. 

If now the circuit be closed — ^that is, if the ends of the 

* That which comes from the zidc like nibbed resin, op 'negatively; ' 
that which comes from the copper like rubbed glass, or * positively/ 

t There seems ground for believing that the action is not really so 
simple as this, the old-fashioned explanation, implies. It is probable that 
the zinc takes its oxygen direct &om the sulphuric acid, and that it is the 
residuary part of this chemical compound which thus robs the water of 
its oxygen, and so relieves the hydrogen. But our illustration is not sub- 
stantially affected by accepting one view or the other. 

H 2 
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wires be made to touch each other and act as a single 
connecting wire — the resistance to action, whatever be its 
seat, gives way ; the zinc and oxygen begin to unite, and 
the hydrogen is set free and escapes into the air. And if 
the whole apparatus works in a calorimeter the amount 
of heat produced over the whole, partly in the 'cell' 
(where the chemical action goes on), partly in the wires, 
is found to agree pretty closely with what our theory 
requires. 

Numerous other kinds of * galvanic cells ' have been 
devised, in which the chemical elements combining and 
decomposing are diflferent from the above. And the 
resulting heat has always been found satisfactorily to agree 
with what would be anticipated from direct experiments 
in the same elements in the ordinary laboratory; thus 
confirming our doctrine that, in whatever way results may 
be brought about, the first and the final state of the 
system are sufficient to determine the quantity of energy 
expended. 

The connection and numerical relation between the 
amount of work done, per second or other unit of time, in 
such a galvanic cell, on one hand, and the intensity of the 
electric strain in the parts on the other, is matter for 
treatises on electricity. But there are some circumstances 
of the action which both illustrate and are illustrated by 
the doctrine of energy, which also connect this experiment 
with the one already described (pp. 6, 7) ; and it may be 
profitable to go into some details here on the subject. 

We may see, first, that the whole * circuit ' is con- 
cerned in the motion. 

1. The connecting wire is thrown into a new condition 
— that, namely, which is now familiar to all, of the tele- 
graph wire, capable of deflecting a magnet from its natural 
position, and of turning soft iron into a temporary magnet. 

2. Neither the chemical composition and decomposition 
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nor the evolution of the balance of heat take place in the 
ordinary way, as in the laboratory. If zinc decomposes 
water without the intervention of these arrangements^ 
where it takes up the oxygen, there it liberates the 
hydrogen which was united with it ; and there, also, the 
heat is produced, which may afterwards be conducted 
or radiated to other places according to the laws which 
govern the diflFusion of heat. But in this experiment the 
oxygen is seized by the zinc at its own surface, and the 
corresponding hydrogen is set free at the surface of the 
copper — it may be several inches off: — and the heat, though 
always, as we have seen, the same in quantity as in the 
laboratory, is produced, immediately and not by diffusion, 
partly in the cell and partly in the wire, in proportions 
determined by laws specially belonging to electric science 
to expound. 

If we try to represent to ourselves the kind of agency 
at work, we seem to see the oxygen pulled or pushed 
towards the zinc, and the hydrogen towards the copper — 
the one to unite with the corresponding metal, the other 
to escape free — while the metallic connections, which do 
not participate in this motion, are necessary to the action 
as receiving and transmitting stresses or strains between 
the two * poles ' or extremities of the line of liquid which 
is being torn asunder ; much as a cord or a rod acts in a 
machine. 

Now, the wires in the former experiment (pp. 6, 7 ), 
when introduced into the acidulated water, are found to 
be in this same state, as tested by their power to deflect a 
magnet, &c. 

We may, therefore, expect that if, in the present case, 
we again separate the wires and plunge them into such a 
mixture, the water will be decomposed. And it is 
found in fact that, with some of the galvanic cells above 
alluded to, this is the case. But it is not so with the 
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particular combination we have been describing in de- 
tail : the apparatus remains in the same quiescent state, 
with the wires dipped in the liquid as while they lay 
on the table. 

If, however, instead of a single galvanic cell of this 
description, we employ a ^galvanic battery' of several 
cells connected as in the figure annexed, the copper of the 




first cell being joined by a wire to the zinc of the next, 
and so on, the first zinc and the last copper taking the 
place of those in our single cell, a sufficient number of 
such cells will work, and decompose the water in the 
electrolytic cell. Can we in any degree explain the diflfer- 
ence in these cases by our principles ? 

Take first the single cell, with a single wire connecting 
the copper and zinc. If our conception of the part played 
by the wire be correct — viz., that it is analogous to that of 
a stretched string or compressed rod in machinery — ^we 
must suppose the strain at one, say the copper end, trans- 
mitted without change to the zinc end, and there balanced 
by an equal counter-strain through the zinc ; and if we 
actually or ideally cut the wires in two and keep them in 
contact, we must conceive (as in the case of a rod) each 
end pushing and pushed by the other end, with equal and 
opposite reaction, and still transmitting the original pres- 
sure. If then, instead of being held in contact, they are 
plunged in the liquid, arid if any action takes place at 
alU we should expect it to represent and be equal to the 
same puU or push which immediately takes place in the 
galvanic cell. In other words, we may anticipate that, as 



CHEMICAL ENERGY* 103 

decomposition of water is the work done in both places, 
the saTne amount of water will be decomposed in the 
galvanic and in the ' electrolytic ' cell, or ' voltameter ' (as. 
it is called). 

Whether this reasoning be well-founded or not, such 
is the law experimentally found to govern all galvanic 
action ; in et)ery part of the system where, by this agency, 
some chemical energy (as of the zinc and oxygen) is doing 
the work of dragging asimder the sarne chemical com- 
pound (water here), the amount of such work is the 
saw^. 

When different eompounds are being decomposed in different 
parts (as where the eleetrolytic cell does not contain water, but a 
' salt/ say sulphate of potassium), there is a definite chemical 
equivalence between the actions in all parts of the line of action. 
In the language of chemists, ' the same niunber of chemical 
equivalents are decomposed in every galvanic or electrolytic 
cell; 

Taking this law as established, we see at once why one 
galvanic cell, of our kind, cannot, and why several com- 
bined may decompose water in the electrolytic cell. In 
the first case, for every pound of water decomposed in the 
galvanic cell, which we have seen will leave less than 
19,000 thermal units of energy to spare, another pound of 
water must be decomposed in the voltameter. But this 
would require 34,000 units (p. 96). As these are not 
forthcoming fronj any source of energy, no action at all 
can take place. On the other hand, when there is a 
battery of several cells, the same quantity of water must, 
by the law, be decomposed in each ; and as in each there 
are zinc and oxygen combining, and so spending their 
chemical energy at a rate equivalent to nearly 19,000 
thermal units per lb. of zinc in eojch galvanic cell^ two such 
cells at work would suflSce to furnish. more than 36,000 
units ; and if all this could be evolved in the voltameter, 
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decomposition would go on. As, however, this is not the 
case, because some of the spare energy from the zinc and 
oxygen must come out as heat in all parts of the apparatus 
according to certain known laws, three or four cells must 
be combined. And, in general, when we know what the 
source of energy is in any galvanic cell composed of 
other materials, we can calculate what the spare energy 
will be, per chemical equivalent combined, and what energy 
is required for each decomposition in the series, and so 
obtain a condition without which no action can take place 
in the system ; though it does not follow that action will 
necessarily follow whenever this condition is fulfilled. 

There is another form of battery sometimes used, in which 

the cells are said to be joined in 
* multiple arc,' which must not be 
confounded, as to its electrolytic 
power, with the one just described. 
The two zinc plates are here coupled 
together, and a wire conducted from them to make one side of 
the circuit ; and the two copper plates are in like manner joined 
for the other side. 

In this case the two zinc plates, with their wire, really form 
one forked extremity of liie circuit ; and the copper plates, with 
their wire, another forked extremity of the same circuit, and the 
strain transmitted through the two final wires into the voltameter 
represents the joint re-action of the action going on in both cells ; 
so that as much water must be decomposed in the voltameter as 
in the two galvanic cells together. In fact, the system is exactly 
equivalent to one single cell, in which the two zinc plates may be 
placed side by side and made one plate, and so of the copper. 

We may here add, as belonging to our subject, that 
the energy arising from galvanic action may be applied, 
not only to the production of heat or of chemical decom- 
position, as above, but also, like that of steam or gas, to 
doing direct dynamical work. The deflecting of a magnet 
is an instance, though on a feeble scale. By other con- 
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trivances machines intended to do the work of steam- 
engines have been constructed, but are found uneconomical. 
These engines, in which the moving power — answering 
to the burning coal in the steam-engine — is, in truth, 
burning zinc or some equivalent (zinc, or the like, 
combining with oxygen) — have been enclosed in a calori- 
meter, and the amount of heat, showing itself by increase 
of temperaturej for every 33 lbs, of zinc consumed, has 
been found to be less than in the experiment above de- 
scribed by the amount of dynamical work done ; just as 
in the case of the heat found in the steam and water after 
work done in the Cylinder (p. 91). 



ANIMAL ENERGY. 



Animals, so far as their power of motion and exertion 
are concerned, may be described as self-repairing heat 
engines. The food necessary for our support contains in 
it materials for replacing what is daily worn away of our 
bones, our cartilages, muscles, nerves, and other, tissues. 
But its main bulk is fuel — combustible material of much 
the same composition as wood, coal, oil, &c. — which is 
burnt as it comes in contact with the oxygen of the air 
breathed in at the lungs and carried in the blood through 
the whole system of our circulation. This causes the 
warmth of our bodies, and it also furnishes the energy by 
the expenditure of which we move our limbs and do 
external work. What may be the precise mode of action 
' — ^whether more resembling heat of a steam or air-engine, 
or that of a battery — is a matter for the enquiries of the 
physiologist, and is probably still uncertain. Dr. Frank- 
land several years ago, in a lecture at the Eoyal Institu- 
tion, described it thus, in general terms : ' The combustible 



106 THERMAL AND OTHEE ENERGIES. 

food and oxygen co-exist in the blood which courses 
through the rn/uade ; but when the muscle is at rest there 
is no chemical action between them. A command is sent 
from the brain to the muscle ; the nervous agent ' — ^acting, 
it would seem, as a ati/mulcmt — ' determmes oayidation ; 
the potential becomes active energy, motion, or heat. 
Like the piston and cylinder' — in the common heat 
engines — ^ the muscle itself is a rruichvne ; both are subject 
to wear and tear, but neither contributes in any important 
degree by its own oxidation to the actual production of 
the mechanical powerJ^ 

Whether this be an accurate description, as far as it 
goes, does not particularly concern our subject. What 
does concern us is, that experiments have been made in 
which a man, or a smaller animal, has been confined in a 
calorimeter, and has consumed a certain quantity of food. 
If no dynamical work was done, the evolution of heat 
was in some rough correspondence (for the experiment is 
necessarily a rough one) with the food ultimately consumed 
and digested ; but if such work was done — ^for instance, a 
windlass worked and a known weight raised — the amount 
of heat shown was less by the equivalent of the foot-pound 
work thus done.* ' 



* There is an inaccuracy on this subject in Professor Huxley's Lessons 
in Elementally Phi/siology (4th edition, 1870 — Article ni., page 2), which 
it may be worth while to correct, as it will illustrate our subject. 

He there supposes a man, not to work a windlass, and so raise a weight, 
which remains as work to show at the end of the experiment, but to walk 
up and down within the calorimetrical chamber. And then he sums up, as 
separate items of expenditure, ' exerting mechanical force,' and, in addition, 
* giving off heat,' which last expenditure alone he supposes to be measured 
by the melting of the ice. Now, all this * exertion of mechanical force ' is 
itself spent and converted into heat, as soon as produced, in the stamping 
on the groand (p. 7 1 » &c.). There is no dynamical energy, potential or kinetic, 
to show for it at the end of the experiment. So that the ice actually found 
to be melted is the measure of the sum of all the energy of every kind that 
has come from the man. According as it exceeds or falls short of that . 
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The food thus burnt and exhausted in the animal economy 
is derived from vegetables— either directly or in .the form 
of flesh which has, ultimately, come from a vegetable- 
eating animal — ^and it is mainly reduced to water, carbonic 
acid gas, and ammonia. And these are the principal 
nutriment of vegetables; that is, the materials out of 
which they build themselves up into the substances which 
nourish and support animals. 

To do this is, clearly, to restore the energy which has 
been spent by the animal, and, on our principles, this 
restoration requires the expenditure of some other external 
energy. 

This is supplied by the sun's rays ; and, as regards 
carbon, it seems, almost entirely by those rays which, in 
the solar spectrum, occupy the middle space : orange, 
yellow, and green. Fresh green leaves have been placed 
in tubes of water mixed with carbonic acid gas, and exposed 
to diflferent parts of the spectrum, and those on which 
this part of it fell exhibited bubbles of ox3^gen, the result 
of the decomposition of the carbonic acid. ('Jamin,' 
III., p. 513.) There is always carbonic acid in the atmo- 
sphere, renewed continually by the animal processes, by 
combustion, and in other ways, and decomposed again by 
this process. 

Btored up in the food consumed^ we may conclude he has left in him less or 
more energy than he started with. 

Professor Huxley uses the phrase, * exercising a great amount of force* 
As his treatise is not on dynamics or energy, strict technical language is 
not to be expected on an incidental point like this. But the student should 
be warned that the proper phrase is, * expending a great amount of energy/ 
'Force ' means the strength of the tendency to induce motion at the moment, 
and has nothing to do with the amount of work that can be done before 
exhaustion. 
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The sun is thus the ultimate source of all the energy 
which we and all animals are busy in spending. The wood, 
the oils, &c. which we annually bum ; the com, the grass, 
the fruits which we or our sheep and cattle eat ; and the 
coal and petroleum, which are the remains of a former 
vegetation ; all are stores of cp,rbon and hydrogen once 
extracted by his rays through the vegetable machinery 
from inorganic matter, which we reduce again to that 
inert state by the chemical processes going on in our 
bodies while we carry on the functions of life. And it 
may be added that the sun's heat is also the source of the 
potential energy of all natural supplies of falling water, 
by evaporating the sea-w£^ter, so giviug it elastic power to 
rise, thence to fall in rain or mist and feed the springs of 
rivers, &c. 

Whence the sun gets its heat — ^whether it is merely 
an enormous store of energy, which is being gradually 
exhausted, or whether there is any discoverable source 
whence it may be materially derived — ^is a matter about 
which there has recently been a great deal of speculation, 
without, as yet, any satisfactory result. 



RECAPITULATION. 



We here close our exposition of the elementary and 
fundamental facts and reasonings which establish the 
Doctrine of the Conservation of Energy, so far as we have 
attempted to carry it. 

We have first explained the principles and the method 
by which we measure (a) Mass and Force, in connection 
with and dependence on the Laws of Motion ; (b) Heat ; 
(c) Work Done, in its simplest form, when confined to the 
transference of a mass from place to place against a resist- 
ance, starting from and ending in rest, and with no 
sensible velocity at any time. 
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We then gave so much of the mathematical theory of 
dynamics as was necessary to show the numerical equiva- 
lence between Kinetic Energy and work done as thus 
defined; and were enabled to pass thence to a larger 
conception and definition of work done by and against 
forces acting in diflFerent directions in a system of bodies 
in motion, showing how the same measure of kinetic 
energy still remains in numerical correspondence with the 
generalised measure of work done. 

And we showed that, where all the forces acting fulfil 
certain conditions, and no other changes take place except 
dynamical ones, the work done by or against a force 
represents a corresponding diminution or increase of a 
capacity for doing more work — that is, a Potential 
Energy. 

We then proceeded to consider generally the cases 
where Dynamical Energy (kinetic or potential) is spent, 
with no dynwmical result left to show, and laid it down 
as proved by all the best experiments hitherto made (of 
which we gave samples) that, whenever this happens with 
no other change of a physical character to show for it, 
heat results in the definite proportion of one thermal 
unit per 772 foot-pounds spent; and, reciprocally, that heat 
may, to some extent, be spent in producing Dynamical 
Energy, with the same numerical equivalence. 

Finally, we have examined some of the principal 
classes of changes of a physical and chemical character 
which occur around us, and have given reasons for believ- 
ing that the difference between any two conditions — as of 
liquid and solid, or of water and its separated elements, 
&c. — ^may always be taken as representing an equivalent 
diflFerence in Thermal or Dynamical Energy, gained or 
lost, according to a fixed scale, in some other direction. 

So far, then, as observation and experiment have gone, 
our proposition (p. 3) is proved. The remaining sec- 
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tions of this treatise will deal, first, with an important 
corollary from our general doctrine as applied to the facts 
of nature ; and then with the question whether any m- 
telligible account can be given of that connection between 
Dynamics and the other physical sciences which has thus 
been experimentally shown to exist. 



DISSIPATION OF ENERGY. 

Whatever may be the truth about the sun — whether its 
energy is now replenishing from other sources or not — a 
consideration of the actual course of nature, in the light 
of our doctrine of Energy, will tend to show that there 
is a general tendency to the conversion of all potential 
energy — dynamical and chemical — into actual or kinetic 
energy, either motion or heat ; and that this tendency 
must continue, and produce effects, until all collisions and 
slidings or rollings between the surfaces of masses having 
diflFerent velocities, and all differences of temperature, and 
all opportunities for chemical action, shall have ceased. 

When we say that a system has energy we only mean 
that there is a certain amount of work which it can do, 
if the occasion offers. 

Thus, a mass in motion has kinetic energy, measured 

by , because, if it comes to be opposed by any force, 

it can do work, as measured by F8, against this force to 
this amount. But if circmnstances are such that no op- 
posing force ever offers itself, it will continue its motion, 
and retain its energy unimpaired, for ever. 

There is, therefore, no contradiction between the two 
statements, that energy is never destroyed (or, more cor- 
rectly, that when any particular energy disappears it leaves 
an equivalent behind it), and that a time must come when 
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there will be no opportunities for changes of energy to 
take place. 

Let us, then, look at what is now going on, and to 
what it is tending. 

(1) If there is such a thing as sensible motion in a 
perfect vacuum — if, for instance, there is no matter be- 
tween the boundaries of our solar system and the so-called 
fixed stars — the motion of the sun and stars, moving in 
accordance with the law of gravitation in ever-varying 
curves, if they never impinge on one another, may go on 
for ever. But if it be true, as there is good reason for 
believing, that the propagation of light from star to star 
requires a material fluid Tiudium, in which vibrations or 
waves can travel (as waves of sound in air), then this 
motion of the stars must be diminishing. The medium 
may have the property of perfect elasticity, so that no 
motion is converted into heat (p. 55) ; nevertheless, the 
stars, continually altering their velocities by their mutual 
attractions, will be continually agitating the medium, and 
parting with some of their motion to it ; and the final 
result would be to allow gravity to bring all the masses 
together into one, which would then come to rest, or move 
in unison with the surrounding medium. 

(2) Wherever there is impact or sliding between masses 
not perfectly elastic and perfectly smooth there will be 
not only passage from sensible motion of the massesj as 
wholes, into vibratory motion (sensible or not, according 
to the range of action) in their interior, or communicated 
to surrounding bodies, but also expenditure and dis- 
appearance of dynamical energy, and corresponding pro- 
duction of heat, (p. 71, &c.). So that the final result of 
impacts and contacts, in the actual universe (if we confine 
our thoughts to any finite portion of it, however large), 
must be to reduce the motion of all bodies coming in con- 
tact to uniformity ; with disappearance, on the whole, of 
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kinetic energy, and the raising the general temperature 
of everything in the space we are considering. Could 
that space be made impervious to the passage of heat, the 
raised temperature would remain as the monument of the 
kinetic energy that had disappeared. But, as this is 
impossible, the heat, though at no stage diminished in 
actual quantity, diffuses itself farther and farther, is 
dissipated, and becomes insensible in any limited space. 

(3) Although, as we have seen, heat can be expended 
in the production of dynamical energy, yet this can only 
be by virtue of difference of temperature in masses that 
can act on each other : two masses at equal temperature, 
however much more energy of heat one may have than the 
other, are not in a condition for acting thermally on each 
other. Though, therefore, some of the heat produced by 
impact, &c., as above, may be spent in dynamical work, 
some must remain as generaUy diffused temperature, in- 
effective until something colder comes within reach. 

(4) Elastic force, also, when allowed to do work, tends 
to dissipation. It can do work against pressures less 
(per unit of surface) than its own. But, if surroimded by 
masses resisting pressure, it will spend itself only till it 
has come down to the general level of pressure. If we 
imagine imbounded vacuum, with no force like gravity 
opposing, some gases, we know,- and we may reasonably 
conjecture, all gases, will, at a certain point of expansion, 
lose their elasticity (p. 88); or, if it be otherwise with 
any gas, it must at best ultimately fill any limited space, 
however ample, and so make if it does not meet an equally 
diffused pressure ; or else the particles must go on moving 
freely, but doing no work, for ever. 

(5) Chemical action, we have seen, is of two kinds — 
one which evolves heat and only requires the presence of 
the elements in some state admitting the action to begin; 
the other requiring heat, or some equivalent energy, to be 
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supplied and expended in the action. It is clear that 
the former actions, if they continue to occur, will ulti- 
mately reduce all chemical combinations to such as cannot 
change themselves any farther, and that the heat evolved 
in this process cannot adequately restore the combinations 
so formed back to their energetic condition, because some 
of the heat arising from combinations will necessarily 
diffuse itself into space. 

Thus, then, we see that in every portion of the universe, 
however wide a range we give it, dissipation of energy — 
not expenditure with no return, but the production of a 
state in which no farther expenditure can take place for 
want of differences and opposition — is the rule. 



114 



MOLECULAE THEOKIES. 

Newton, who discovered the law of universal gravita- 
tion, and showed that its true character is an attractive 
force between every two particles or portions, great or 
small, of matter, thus expressed himself in the preface to 
his great work, the ' Prineipia,' dated May 8, 1686 : — 

* Many considerations move me somewhat to suspect 
that all the phenomena of nature may possibly depend 
on certain forces, by 'which the particles of bodies, by 
virtue of causes as yet imknown, are either driven towards 
one another and adhere in regular shapes, or else are 
driven from one another and recede; which forces re- 
maining unknown, philosophers have as yet attempted 
the investigation of nature without success. But my hope 
is that these " Principles " will aflford some light either to 
this or to some other and truer manner of philosophising.'* 

All subsequent observation and theory has hitherto 
tended to give strength and definiteness to this suspicion. 
And the only rational explanation that has been offered of 
the actual equivalence between dynamical and other changes 
— of the doctrine of the Conservation of Energy — rests on 
the assumption of the substantial truth of Newton's sur- 
mise. The facts remain, whether explained or not ; and 

* It "Will be observed, by those who are familiar with some modern 
speculations on the subject, that Newton suspects unknown causes of these 
forces or tendencies ; but anticipates good fruit whenever a knowledge of 
the forces themselves — their intensities and laws — should be discovered. 
He did not himself believe that gravity is an ultimate fact. 
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it may be that the processes of nature are essentially 
unintelligible to us. But any hypothesis which reduces 
them to Tnotiona of invisible and (may be) inappreciably 
small particles, but still particles having size and form, 
commends itself to us. This treatise shall therefore con- 
clude with an attempt to give the student some definite 
notion of the theory of the atomic and molecular consti- 
tution of substances. He must oot look for strict proofs, 
either experimental or mathematical ; only, at most, for 
indications that some such theory would fit in with and 
account for physical facts as we observe them. 

I. It is commonly laid down in elementary books as a 
primary quality of matter that it is ' impenetrable,' or 
that it fills the space which it occupies, so* as to exclude 
all other matter while itself is there. 

And so the atomic theory (at least as generally 
accepted) conceives all sensible masses to be resolvable 
into ultimate, indivisible, impenetrable ^atoms' (Grreek 
for what cannot be cut into smaller parts)^ But sub- 
stances as they present themselves to the senses are all 
penetrable. Take, for instance, water in its fluid state, 
and suspend some salt in it. The salt will be dissolved ; 
the water will penetrate the solid and the salt the fluid, 
and the two will be so intermingled, in a fluid condition, 
that after a time no portion of the mixture can be taken 
up and examined which shall be more or less salt than 
the rest. And though water will not dissolve everything, 
yet there is scarcely any known solid substance which a 
chemist cannot find means of dissolving in some liquid or 
other at a proper temperature. Or take two liquids of 
different colours — say water and brandy. The brandy 
can, with due precautions, be so poured over the surface 
of the heavier water as, for the time, to be separated from 
it by a well-marked horizontal line ; yet, although appa- 
rently in their proper and natural places — the lighter 

I 2 
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uppermost — the two liquids will interpenetrate, the water 
rising against gravity, and the lighter brandy sinking 
down, until, after a few days perhaps, the mixture will be 
perfect. 

Now, this state of mixture is, so far, intelligible to us, 

if we conceive each substance, when separate, really to 

a consist of a certain number of 

^^y\ ® ^ ® exactly similar particles, like masses 

,,:^^A^ of very fine dust; whether close- 

^ ^ packed (as a), touching in points 

(as 6), or kept apart at a certain distance (as c) : pro- 
vided that we farther suppose them to be so minute that, 
in the smallest portion of the substance which we can 
examine "by the nicest tests of scientific experiment, the 
number t)f such atoms is very large — ^to be counted by 
hundreds, iliousands, or larger measures still. A perfect 
mixture will, then, be one in which, in a sample so taken, 
the proportion of the number of atoms of each kind is 
as nearly as possible tbe same as in the same mass. For 
example, if the latter proportion be 2 to 1, and there be 
3,005 atoms in one sample, there would be 2,003 of one 
kind and 1,002 of the other — only one too few of the first 
kind, the eflFect of which would be insensible. 

If we do not accept this explanation of mixture, as 
a real mingling of separate particles, we seem driven to 
admit that every povnt in the fluid is at once occupied by 
something Whidh is both salt (or brandy) and water ; that 
is, to give up the notion of impenetrability, or of true 
individuality of dififerent substances. 

It should be observed, however, that this explanation 
only requires tbat the mixing substances should in fact 
separate into distinct particles ; not that these particles 
should under no circumstances be capable of farther 
division. Our hypothesis explains the fact of mixture, but 
does not necessarily imply any opinion about the ultimate 
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conceivable state of matter. In strict scientific language 
' atoms ' mean particles indi^dsible by any natural means ; 
molecules, portions which keep together in the particular 
case we are dealing with, but which may be foimd sepa- 
rated in other circumstances. 

II. In both the above cases, and in many others, it is 
found that the space occupied by the mixture is less than 
the sum of the spaces the substances occupied when separate. 
Either, therefore, the atoms have intervals between them 
(as b or c), so that the two sets, when mingled, pack close 
together ; or else the single atoms admit of compression 
and expansion ; or both statements might be true at 
once. 

But when we consider the case of evaporation — the 
passage from the liquid to the gaseous state — we can 
hardly avoid accepting the suggestion that the atoms, in 
the latter state at all events, are separated, each from 
each, by an interval of space. 

Take water, for instance. When converted into steam 
at the boiling-point, it occupies nearly 1,700 times the 
space it did as water. And whereas in its first state, with 
its particles (it may be) in close contact, there is no dis- 
position to expand, but rather, as we shall presently see, 
an actual cohesion of the parts ; as steam, on the other 
hand, there is in it a striving to expand farther and 
farther as more and more room is given to it. 

Moreover, this disposition is not permanently at- 
tached to the atoms; but, as we have seen, depends 
entirely upon the heat imparted to the mass. 

And within the space thus occupied by steam we may 
introduce gas after gas — either fresh doses of the same 
substances or of other substances — each pressing outwards, 
just as much as if it were alone in the cAamfeer, with no 
limit as to quantity except this — that when the total 
pressure against the wall of the chamber is that at which 
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steam would, at that particular temperature, begin to 
condense (p. 91), it will do so here; and so of the other 
substances. But, on the application of more heat, they 
will be reconverted into vapour. 

Once admit that we may speculate at all about how all 
this can be, and one does not see that any other conclusion 
can be come to but that gases consist of particles, with 
comparatively large spaces between them. 

III. And now come the questions — In what state do 
these separa^te particles exist? in motion, or at rest? 
exerting force on each other, attractive or repulsive, or 
inert ? And what light do these phenomena throw on the 
nature of heat and chemical action ? 

That in the solid state the particles of a substance exert 
force on each other, is almost too clear to need pointing 
out ; their presence both prevents and causes motion in 
their neighbours. If we pull the two ends of a stick in 
opposite ways, the cohesion of the parts prevents any- 
thing more than (usually) a very small expansion and 
separation to take place ; if we only apply the force at one 
end, that same cohesion (that is, attraction) pulls the 
other end after it. And so, when we push instead of 
pulling, a slight compression is the utmost we can pro- 
duce. Only, in each case, if the forces applied be very 
great, we may overcome the internal ones, and break or 
crush the stick. 

In the case of liquids, the force which the particles of 
a homogeneous substance exert is only, or chiefly, sensible 
at the surface. The cohesion of water is proved by its 
gathering in round drops on cabbage-leaves, or hanging 
from roof-eaves, or momentarily maintaining itself as 
bubbles, &c. In all these instances the force of gravity 
tends to bring the whole mass down to the lowest level ; 
and the force of cohesion (aided in the case of eavesdrops 
by a farther attraction between the water and the roof to 
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which it clings) prevents the motion. No doubt the 
same forces are acting between neighbouring particles in 
the interior of the fluid ; but, as there is the same force 
acting on all sides round each particle there, they do not 
produce the like sensible eflfect in causing or preventing 
motion. 

As regards substances of diflfering kinds, the phenomena 
ofmixturej which we have above described, seem suflBciently 
to prove the action of mutual forces. The salt, for 
instance, while surrounded by dry air, will remain co- 
hering together ; but when immersed in water its parts 
will move in all directions through the interstices of the 
matter that surroimds it. Either, then, the air prevents 
some natural tendency to motion in the particles of salt, 
or the water causes such a tendency. So of the brandy 
and water. Without the brandy superimposed the water, 
if in an open vessel, will in time evaporate ; so that here 
there does seem to be some tendency to motion from in- 
ternal forces, independent of the brandy. But in a cool 
atmosphere the eflFect of evaporation in diminishing 
the bulk of the water may be insensible for an almost 
indefinite time; whereas, the presence of the brandy 
Causes a sensible rise, in a very short time, of a quan- 
tity which it will thenceforth retain there, allowing 
evaporation to go on, much as before, at the upper surface 
of the mixed fluid. 

IV. In the gaseous state, instead of any appearance of 
cohesion we see only a tendency to indefinite expansion. 

And we have seen that this is not due to a permanent 
force between the particles, depending on the distance, 
but is entirely the result of external work done upon the 
parts of the gas ; and in permanent gases, and in all gases 
when sufficiently heated, is directly proportional to the 
amount of work done on it — on the expenditure, that is, 
of heat or an equivalent dynamical energy upon it. 
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And if we examine into other effects of thermal energy, 
made to do work on a substance, we find them analogous 
to this. Its ordinary effect, besides increasing tempera- 
ture, is to cause expansion (p. 84) ; that is, to do work 
against the cohesive forces of the molecules. At some 
certain temperature, different for each substance, it ceases 
to increase the temperature of solids^ and is entirely 
spent in Uquefyvag them ; that is, in relaxing, almost to 
the point of neutralising, the eflBcacy of the cohesive forces. 
In all these three cases part or the whole of the applied 
energy produces an effect antagonistic or opposite to the 
tendency of the attractive forces. 

Now, if we are to explain natural phenomena by re- 
ducing them to the effects of forces on atoms, eodemal work 
done on a substance can only mean giving motion, and, 
consequently, kinetic energy, to it ; either visible motion 
of the whole or its larger parts, or molecular motion 
among its ultimate particles. We have, then, to see 
whether motion communicated from without to the in- 
ternal molecules of a substance can be conceived to be 
capable of, first, doing work against ; secondly, neutral- 
ising the mutual internal forces ; and, thirdly, of giviiig 
to the separate TnoUculea (seep. 117) an independent 
tendency to fly apart. If so, then we may suppose heati/ng 
a substance to mean ' giving some kind of motion to its 
smallest parts.' 

V. As we now know experimentally that all these 
changes in the condition of substances are subject to the 
law of Conservation of Energy, we may most naturally 
start with supposing that the forces which the particles 
mutually exert are of a permanent character — that is, are 
the same whenever the relative positions are the same, 
though varying by some law when the distances vary 
(p. 60). 

Moreover, in liquids and solids, in their ordinary con- 



MOLECULAR THEORIES. 121 

dition, we find cohesion to be the prevailing characteristic 
(p. 118) ; that is, at the ordinary distances the forces are 
attractive ; though the enormous resistance to compression 
may seem to indicate that repulsive forces soon come into 
play when the distances are reduced.* 

Let us then see what would be some of the general 
characteristics of the mutual actions of systems — such as 
clusters of stars are on a large scale — consisting of moving 
masses mutually attracting one another with forces rapidly 
diminishing as their average distances increase ; and 
compare them with what we know experimentally of 
internal changes. 

(1) Two bodies subject only to their mutual attrac- 
tions, if their motions at any one particular moment are 
not in the same straight line, will never come in contact, 
but will move round one another in some curved orbit. 
(The proof of this is quite elementary, but would be out 
of place here. It is Newton's First Proposition.) The 
orbit may be, like a comet's, very nearly a straight 
line in the greater part of it, turning sharp round 
at each extremity — at the most distant with very 
sluggish and at the nearest with enormous im- 
petus. 

This shows that what we call elasticity in a 
mass Tnayj wholly or in part, be the result of 
attrdctive force combined with motion. A blow 
given on the surface of a solid mass drives the particles 
inwards ; but the result may be a pirouette round some of 
their inner neighbours, and an equally strong outward 
impetus, driving back the hammer with an energy pro- 
portionate to that which it had given. 

* The generally receiyed molecular theory of gases (see Maxwell's 
Heat) supposes perfect elasticity between ultimate molecules in their closest 
contact^ both among themselyes and with the molecules of the solid con^ 
taining vesseL 
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(2) If an increase of relative velocity be given, by any 
external agency, to the two bodies, whether when receding 
from or approaching each other, the result will be to 
enlarge the dimensions of the orbit ; the force being less 
able at each point to check the motion and bring the 
body round. If, on the other hand, the relative velocity- 
he diminished, the orbit will be contracted. 

If the velocity be increased beyond a certain limit, 
the result will be that the utmost work that can be done 
by the forces (p. 64) will not suffice to overcome the 
kinetic energy of the bodies and bring them nearer again ; 
and, while short of this limit, the increased velocity may 
separate them so far that one or other of them may cgme 
under the stronger influence of another body, and so part 
company with the first and become a member of another 
system : as it may be that some comets have only once 
come into our solar system, and have since wandered on 
from sun to sun, until perhaps they may have become 
fixed by one of them. 

This suggests a theory of Vaporisation. 

When energy is thrown into a system by dynamical 
action, or by direct heating, if the outer-lying particles 
thence acquire greater velocities, they may fly off, escaping 
the bonds in which they have been held by their neighbours ; 
and a set of molecules thus set free, and wandering in 
open space, or bounding and rebounding in a confined 
chamber, may be the gaseous state. When one such free 
molecule approaches another in the course of their respec- 
tive motions their mutual attractive force will be as little 
able to keep them together as were the internal forces of 
the substance from which they have escaped ; they will 
swervCj more or less, from their courses, and go on. Only, 
to complete the theory, we must suppose that, if they 
actually meet and clash they behave as perfectly elastic 
bodies, and rebound with their original energy. And we 
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must conceive the rebound from the sides of any chamber 
within which they may be confined as of this same character. 

This explanation of the gaseous state falls in with the 
dynamical phenomena (p. 85). The tendency to inde- 
finite expansion is merely the pursuing by each molecule 
of the course on which it started, in accordance with the 
First Law of Motion: the pressure on the enclosing 
vessel is the efifect of the continued impulses of the mov- 
ing masses, as of billiard-balls a^gainst the cushion. If 
the sides of the vessel remain fixed the rebound is with 
the same velocity as the impact ; but if the vessel 
yields (as when one side is a movable piston) as much 
kinetic energy is lost by the moving particles as is 
measured by the work done on the piston. And so the 
whole series of effects has been followed out and explained 
with great probability. But the student must seek for 
details in works specially devoted to Thermodynamics. 

(3) If, instead of two masses only, we consider a 
cluster, forming such a system as we see in a solid or 
liquid mass of sensibly homogerieous constitution — that 
is, with the same average size, force, and intervals between 
the atoms and the molecules, in all parts — although the 
actual effect on any particular particle produced by an 
addition made to the average velocity of the whole may 
not be calculable by our mathematical resources, yet we 
can, in a general way, see that, for the distribution of the 
atoms to remain substantially of the same character, the 
interspaces must become greater in some proportion with 
tlie increase of velocities ; the same kind of balance of 
force and velocity must prevail, or the particles would 
be drawn away from their old orbits and neighbours, to 
rearrange themselves in some new combination, which 
would be equivalent to what we have called assuming a 
new physical condition. 

This suggests an explanation of the ordinary effect of 
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heating, namely, combined increase of temperature and 
expansion, unless expansion is prevented by increased 
external pressure, in which case the temperature is farther 
raised. In this latter case all the external energy spent 
comes out in velocity given to the parts, while the reaction 
of the increased external pressure keeps them in the 
same orbits : in the former case the orbits expand until 
they reach the dimensions corresponding to the new average 
velocity. 

To follow up this subject is the business of other treatises ; 
but a few words may be added, in farther explanation of the 
commonly received theor5^ 

The special action by which the energy of a body hotter than 
its neighbours manifests itself is the immediate diffusion of tem- 
perature all around, not only to bodies in contact, but to those 
separated by apparently empty space. This latter fact, and the 
connection established between heat and light, have led to the 
conclusion that there is a subtle medium — ^otherwise insensible 
and imdetected by ordinary dynamical effects — permeating all 
vacant space, probably even the interstices between the atoms of 
other substances — the undulations of which produce the sensa- 
tion of heat. In a space where all the molecular motions of dif- 
ferent substances are such as to communicate equal undulatory 
motions to the parts of this medium in the same time, as much 
motion will be received as given by each molecule, and this repre- 
sents the case of * equally diffused temperatures.' If one mass has 
less than its proper motion, it will receive from the medium more 
than it gives, and expand and rise in temperature; if it has more, 
it will give out motion, contract, and lose heat. 

On this theory we can clearly see the difference between 
temperature and quantity of heat. If a well-made boat and a 
square box of equal mass are placed in water, and set going with 
the same velocity, each has the same kinetic energy, and by the 
time that each has come to rest it will have communicated the 
same amount of motion — ^kinetic energy — ^to the water. But the 
boat will keep much longer in motion than the box, and will, at 
each moment, be producing much less commotion in the water. 
The excess of kinetic energy over that which would keep the mass, 
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or tlie molecule, moving exactly in unison with the surrounding 
medium represents the excess of heat which it must get rid of 
before relative rest be attained; while the amount of ripple or 
vibration it is at the moment communicating to the medium re- 
presents the comparative temperature. 

Note, — The electric condition has this in common with the 
heated condition, that it immediately affects distant bodies, putting 
them into an analogous (not an identical, but rather an opposite) 
state. The most recent speculation about the nature of this con- 
dition is, that it consists, mainly or wholly, in a strain — an alter- 
ation in the potential energy — ^between the molecules of this 
same medium, to which the name ^ Ether ' is commonly given. 

VI. When the work done on a substance has increased 
both its kinetic and its potential energy, and the former is 
gradually dissipated as heat, the latter will in general be 
called into action, and to some extent spent in producing 
additional kinetic energy, which will again become a 
farther source of heat ; so that, ultimately, though not 
immediately, aU the energy, of either kind, originally im- 
parted may come out as heat. This power of producing 
heat by relapsing into its first condition is what used to 
be called the Udent heat of the substance in its actual 
condition. It might be called its potential heat. 

VII. Let us next consider the application of the 
molecular theory to the case of chemical combination. 

If we take hydrogen and oxygen gas at the same 
temperature and of such densities respectively that they 
exert the same pressure (per square inch) on the sides of 
the vessels containing them — as may be tested by closing 
their tops by equal movable pistons (see p. 85)— and 
if we introduce two pints of hydrogen and one pint of 
oxygen into a vessel of the size that would contain the 
two pints of hydrogen alone at that temperature and 
pressure, the mixture may remain quiescent for any 
length of time with no change of temperature or physical 
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quality. If we adopt the molecular theory, we must 
suppose the molecules of both gases moving with such 
velocities as to overcome any tendency to cohesion — ^any 
attraction — which may exist between either similar or 
dissimilar molecules. If we suppose (as chemists are for 
various reasons inclined to believe) that there are as many 
molecules per pint in all gases at the same temperature 
and pressure, and if we represent hydrogen molecules by 
triangles and oxygen by squares (of course without mean- 
ing that we know anything about their actual shapes), there 
will be on an average twice as many triangles as squares 
in any portion of the vessel ; as thus : — a a n a a 

Now, if we introduce into this vessel 
a piece of platinum, in the state known ^ I-i A A □ 
as ' spongy,' there will follow an explosion, D A A □ A 
with a great development of heat. And if the vessel be 
not broken, when all is cooled down again to the original 
temperature we shall find the platinum just as it was, 
and steam or water instead of either hydrogen or oxygen. 
If the temperature of the original mixture is such as to 
allow the steam to subsist sensibly in the condition of a 
perfect gas, it will be at the same pressure as the oxygen 
or hydrogen was in its separate vessel. 

If, instead of a mixture in the exact proportions given 
above, we had introduced more of one or the other gas; 
the result would have been the formation of the same 
quantity of water, with the same development of heat 
(though less suddenly and explosively), with the residual 
oxygen or hydrogen, as the case might be, mixed, but not 
united with the new compound ; on cooling it down to 
ordinary temperature the water would sink to the bottom 
as a liquid, leaving the excess of gas in the space above. 

This fact — that a definite number of particles of each 
substance unite together to form a new permanent 
chemical substance, leaving the rest unchanged and merely 
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permeating the interspaces of the new compound — the 
chemical doctrine of definite proportions — is one of the 
main argimaents for holding the strictly cUomic theory ; that 
is, that each simple substance is resolvable into particles 
indivisible by any chemical action known to us. The 
result above described seems intelligible as a re-arrange- 
ment of the mass such that (taking our proportions as 
correct) each atom of oxygen unites with two of hydrogen, 
so as to make a compound molecule^ coupled ^ ^ 
together by a closer approximation and stronger Q □ 
force, the whole collection of compound molecules V V 
moving still at the gaseous rates of velocity, so as prac- 
tically to act as free bodies impinging against the sides of 
the vessel independently, and producing the same eflfect of 
pressure. 

The compound molecule is not conceived as consisting 
of atoms in contact and at rest, but rather as a system in 
motion according to its own laws — like a planet with its 
satellites moving as one element in a larger planetary or 
solar system. 

It remains to show that this theory explains the pro- 
duction of heat, as a rule all but universal, in chemical 
combination. 

The new arrangement of the atoms into molecules — 
using this latter word exclusively for compound collections 
of so-called atoms, whether these latter be themselves 
absolutely indivisible or not — ^is conceived to be the work 
of attractive forces acting between the atoms. Forces 
doing work produce kinetic energy in proportion to the 
work done ; and the excess of kinetic energy thus intro- 
duced into each molecular system will, according to the 
view already expoimded, pass out into the so-called ether — 
the vehicle of heat, light, &c. — ^and so become sensible as 
heat. 

The fact that this development of heat obeys the law 
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of conservation tends to make us conceive the forces as 
permanent and mutual between the elementary atoms, 
independent of any other condition, such as the velocity 
and direction of their motion, or the presence of other 
molecules. But we are here getting to a point where 
even conjecture, based on any solid ground of reasoning, 
at present feils us. At least, we may here close our 
sketch of molecular chemical theory. 

VIII. We have still to point out how the connection 
of friction and inelastic impact with the production of 
heat is explained. And this is simple, if we combine what 
has been said (pp. 56, 57) about the vibratory motions left 
in masses impinging on each other with the theory of 
heat as the motion communicated from the molecules to 
the ' ether.' 

The amount of vibration left in impinging masses 
supposed perfectly elastic, which would be measured by 
the loss of kinetic energy in the motion of the masses, as 
wholes, from place to place, will diflfer according to the 
compactness of their composition and the intensity of the 
forces concerned : the quicker the action, the more it will 
tell on the masses while still in contact ; but some may be 
expected always to remain in them after separating. Very 
inelastic bodies will, on this theory, be those in which 
almost all the kinetic energy of impact passes into mole- 
cular vibration. 

And if there were no ether, and no contact with air or 
other bodies, this vibratory motion would go on for ever, 
like the pendulum or the planetary system, the kinetic 
energies doing work against the forces, and the forces in 
turn doing work against the motions. With contact of 
air, &c. these vibrations would dissipate themselves 
farther and farther, without altering their essential cha- 
racter as motions of the molecules or atoms of the sub- 
stances through which they spread. 
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But these rQotions, if in excess of what is necessary 
for equilibrium with the common temperature of the space 
in which they take place — in other words (on our 
assumptions), equilibrium with the vibrations of the 
ether — will be passed on to that medium, and become 
what we call Heat. 

The case of friction is substantially the same. 

In a great measure, no doubt, friction is impact of the 
small irregularities which exist in the smoothest surfaces 
gliding over one another. But besides this, the molecules 
of the surfaces are necessarilj^ yielding and rebounding as 
the masses press on each other and pass on. If the surface 
A B of any solid be, when no external weight is resting 
upon it, a horizontal plane, this means that the forces 
acting between the molecules balance one another with 
the aid of gravity, which acts on them all, and of the 
incumbent air. If, then, a weight, P, be placed upon it — 
however motionless at the moment — this is a new force 




acting on a system which was before in equilibrium, and 
its weight must act and descend until, by thus disturbing 
the arrangement of the molecules, it enables them to exert 
a resultant force and do work against it ; and then there 
will be an oscillation, up and down, which will spread 
motion throughout the mass, and finally, as before, pass 
oflF into heat. 
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BECOLLEGTIONS of PAST IIPE. By Sir Henry Holland, Bart. 
M.D. F.II.S. late Physician-in-Ordinary to the Qaecn. Third Edition. Post 
8yo. price 10«. 6d, 

The LIFE and LETTEBS of the Bey. STDNET SMITH. Edited 
by his Daughter, Lady Holland, and Mrs. Austin. Crown 8yo. price 2s, 6d, 

LEADEBS of PUBLIC OPINION in IBELAND ; Swift, Flood, 
Grattan, and O'Gonnell. By W. E. H. Lbckt, M.A. New Edition, revised and 
enlarged. Grown Sto. price Is. Gd. 

DICTIONABT of GENEBAL BIOGBAPHY; containing Concise 
Memoirs and Notices of the most Eminent Persons of all Countries, from the 
Earliest Ages to the Present Time. Edited by W. L. B. Gates. 8vo. 21s. 

LIFE of the DUKE of WELLINGTON. By the Eev. Gr, B. Gleiq, 

M. A. Popular Edition, carefully revised ; with copious Additions. Grown 8vo. 
with Portrait, 5s, 

FELIX MENDELSSOHN'S LETTEBS from Italy and Switzerland, 
and Letters from 1833 to 1847, translated by Lady Wallace. New Edition, with 
Portrait. 2 vols, crown 8vo. 6s. each. 

MEMOIBS of SIB HENB7 HAVELOCK, K.C.B. By John Clabx 
Marshman. Cabinet Edition, with Portrait. Grown 8vo. price Ss, Bd, 

VICISSITUDES of FAMILIES. By Sir J. Bkrnabd Bubkb, C.B. 
Ulster King of Arms. New Edition, remodelled and enlarged. 2 vols, crown 
8vo. 21«. 

The BISE of GBEAT FAMILIES, other Essays and Stories. By Sir 
J. Bernard Burke, G.B. Ulster King of Arms. Grown 8vo. price I2s, 6d, 

ESSATS in ECCLESIASTICAL BIOGBAPHY. By the Bight Hon. 
Sir J. Stephen, LL.D. Gabinet Edition. Grown 8vo. 7s, 6d, 

MAUNDEB'S BIOGBAPHICAL TBEASUBT. Latest Edition, re- 
oonstrncted, thoroughly revised, and in great part rewritten ; with 1,000 ^di- 
tional Memoirs and Notices, by W. L. B. Gates. Fcp. 8vo. Os. cloth ; 10s. calf. 

LETTEBS and LIFE of FBANCIS BACON, including all his Occa^ 

sional Works. Gollected and edited, with a Commentary, by J. Speddino, 
Trin. Goll. Cantab. Complete in 7 vols. 8vo. £4. is. 



Criticism, Philosophy, Polity, &c. 

A SYSTEMATIC VIEW of the SCIENCE of JUBISPBUDENCE. 

By Shrldon Amos, M.A* Professor of Jurisprudence to the Inns of Court, 
London. 8vo. price 18«. 

A PBIMEB of the ENGLISH CONSTITUTION and GOVEBNMENT. 

By Sheldon Amos, M.A. Professor of Jurisprudence to the Inns of Court. New 
Edition, revised. Po6t8vo. {In the press. 
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The IK8TIT1TTZ8 of XITSTIKIAir; with English Intreduetion, Trans- 
lation and Notes. By T. C. Sandabs, 1I.A. Siztb Edition. 8to. 18«. 

SOeSATES and tho 80CBATIC SCHOOLS. Translated from the 
Graman of Br. E. Zblleb, with the Author's approTal, by the Bey. Oswald J. 
Sktohtct., M JL. Grown 8yo. St, 6d. 

The STOICS, EPICXTBEAirS, and SCEPTICS. Translated from the 
Gtoman of Dr. E. Zellsr, with the Author's approval, by Oswald J. Bezghel, 
1I.A. Crown 8yo. price 14a, 

The ETHICS of ABISTOTLE, illustrated with Essays and Notes, 
By Sir A. Gbaht, Bart. UJL LLJ}. Third Edition, revised and partly 
rewritten. [/» the press. 

The POLITICS of ABISTOTLE ; Greek Text, with EngHsh Notes. By 
BzGHABD GoxoBByB, M.A. New Edition, revised. 8vo. 18«. 

The KICOXACHEAH ETHICS of ABISTOTLE newly translated into 
English. By B. Williams. B.A. Fellow and late Lecturer of llerton Coll^;e, 
and sometime Student of COirist Church, Oxford. 8yo. 12s. 

ELEKENTS of LOGIC. By E. Whatelt, D.D. late Archbishop of 
Dublin. Kew Edition. 8yo. 10s. 6d. crown 8yo. 4s. 6(1. 

Elementi of Bhetorie. By the same Author. New Edition. Svc 

lOs. 6d. crown 8yo. 4s. 6d. 

English Synonymei. By R Jakb Whatelt. Edited by Ardibishop 
Whaxblt. Fifth Edition. Fcp. 8vo. price 3«. 

DEKOCBACT in AMESICA. By Alexis be Tocquetilub. Trans- 
lated by Henry Beeve, O.B., D.C.L., Corresponding Member of the Institute 
of France. New Edition, in two vols, post 8 vo. [/n the press, 

POLITICAL PEOSLEMS. Eeprinted' chiefly from the FoHnightly 
Sevietffj revised, and with New Essays. By Fbedsbic Habbison, d Lincoln's 
Inn. Ivol. 8vo. [In the press, 

THE SYSTEM of POSITIVE POLITY, or TEEATISE upon SOCI- 
OLOGY, of AuGTJSTK CoMTE, Author of the System of Positive Philosophy. 
Translated from the Paris Edition of 1851-1854, and furnished with Analytical 
Tables of Contents. In Four Volumes, 8yo. to be published separately : — 

[In the press. 
Vol. I. The General Yiew of Positive Polity and its Philosophical Basis. Trans- 
lated by J. H. Bridges, M.B. 

Vol. n. The Social Statics, or the Abstract Laws of Human Order. Translated 
by F. Habrison, M.A. 

Vol. III. The Social Djmamics, or the General Laws of Human Progress (the 
Philosophy of History). Translated by E. S. Beeslt, MJl. 

Vol. IY. The Synthesis of the Future of Mankind. Translated by B. Gongbeve, 
M.A. 

BACOK'S ESSAYS with AKKOTATIOKS. By B. Whately, D.D. 

late Archbishop of Dublin. New Edition, 8vo. prioe 10s, 6d. 

LOED BACON'S WORKS, collected and edited by J. Sfedding, M.A. 
B. Ii. Bllbs, M.A. and D. D. Hxa.th. 7 toIb* Svo. parioe £8. 18«. 6d, 

ESSAYS CBITICAL and NABBATIYB. By William Fobstth, Q.C. 
LL.D. M J*, for Maiylebone ; Author of * The Life of Cicero,' &c. 8yo. 16s. 
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The fVBJXOnOV of WOmai. Bgr Jcoor finuBT HAilx.. Sov 

Edition. Post 8yo. 6t, 

Om EXFBBSXVTAXZYI fiOTZXVlESVT. Bj Jqbv Stuabv ttm&. 
Oiown 8yo. prioe lit. 

Oa LIBSXTY. By. Johx StuAbt Mha. N«v Editiaa. Pooi 
8yo. 7<. 6(1. Grown 8vo. pxiael*. id. 

PBUrCIPUSBS •£ POLITICAL BBOHOXT. By the Bame Aatluir. 

fiefenth Sditlon. 3 tsI*. 8vo. 90«. OrinlTQLeMf«ii8f0.prieBi«. 

ESSAYS ML SOKE imSEXfLED aXTSSnOSS U POLITICAL 

BCONOMX. ByJoHVfiTUABxJfiLL. SeoondBditiMi. 87«.€#.«(l. 

UTILITABIAiriSX. By John Stuabt Miu:.. New Edition. 8vo. 5«, 

BIBBEBTATIOXfl toA DIACUSffiOXB, POLITICAL, PHILOBOPHI- 

CAL, «Bd HISTOBIGAL. By JOBir Bsfuaxt Xill. 8 vote. 8t». 8<«. 

ZZAXIKATIOK of Sir. W. HAULTOV'S FHUjOSOPJIY, and of th« 

Principal Philosophical Qaestlons dlRcnawri in his Writings. By Jobs Btuabt 
IbLU Eoarth Edition. 8to. 16«. 

An OUTLIJIE of tiie NECESSABT LAWS of TBOfTdHT; a Treatise 
on Pnre and Applied Logic By the Host Ber. W. THOicaoir, Lord Andtbishop 
of York, D.D. 7.II.S. Ninth Thousand. Grown 8yo. price S«. 6d. 

PBIVCIPLX8 of SOWOlCiCAL PHILOSOPST. By Hesvst Dmnvnra 
MACiiEOD, Mi A. Baxrister-at-Laiw. Second Edition. . In Two Yolxanes. Yol. I. 
8to. price 16$, 

A SYSTEM of LOGIC, KATIOCnr ATITE and INDTrCTIVE. By John 
arnABTMiUi. Xiffhth Iditkm. Two vols. 8tq. SU. 

The ELECTIOE of SEPBESEVTATTYES, Farliamentary and Kani- 
ttipal ; a Tseatise. By Thomab Habb^ Bazrister-at-Law. Grown 6to. 7«. 

SPEECHES of the SIOHT HMT. LOED MACAITLAY, eozreeted by 

Himself. People's Edition, crown 8yo. 3«. 6d. 

Lord Kaeanlajr*! Speeehei on Parliamentary Eofonn in 18S1 and 

1832. 16mo. It. 

PAKILISO of SPEECH : Four Lectures deliyered More the Boyal 
Institution eC Gnat Britain. By the Ber. F. W. Pabbas, D JX P.B.B. New 
Edition. Grown 8yo. St. 6d. 

CHAPTStS on LAITO VAOB. By the B«f. F. W. Fabbab, D.D. F.BJS. 
New Edition. OMwn 9fo. 6t, 

A BiCTnVABY of iho EEIXLIIH LAHGVAiE. By E. G-Latsax, 
H Ju BLD. F.B.& Ponaded «n the Bicttoitiaiy tt Dr. fiAmna. Johsbost, as 
edited by the Bey. H. J. Tobd, iri£h vama»vB MmendaWoMi «q4 iddttions. 
In Pour YoUuBes, ito. ptrios £7. 

A PBACTZCAL SXGLISK BICTLSEABY, oa the Plan of White's 
EngliahrLatin and Latin-EngUsh Dictionaries. By John T. Whicb, D.D. Oxon. 
and T. 0. Vasana, ILA. Aadsfeaot-Hasbar, Sing Ednvw«rs QramBHar School, 
BinniBf^aift. Post Ova. [^ffeejwvM. 

TMBBAITBM of BVOUSH WOBM a&4 PKBA8BS, dasaiAed and 
axsanged so as to faoilitBlo liio 'Bupmiiirtflii of Idea% and aHist im Lilerary 
Oomposition. By P. M. Booar, X.I>. EenrBtOtifon. Gkova Ooo. lOf . 6&) 
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LECTTTBES on the 8CIXKCE of LAKGTTAGE. By F. Max MuLum, 
M.A. &c. Berenth Edition. 2 yoIb. crown 8to. 16«. 

KAKITAL of EHGLISH LITESATXTEE, Historical and Critical. By 
Thomas Abnold, H.A. New Edition. Grown 8to. 7«. 6d. 

SOTTTHETS DOCTOE, complete in One Yolune. Edited bj the Bey. 
J. W. Wabtke, B J). Bqaare crown 8to. 12*, 6d. 

EISTOBICAL and GEITICAL COKHENTABY on the OLD TESTA- 
MENT ; with a New Translation. By M. H. Kausoh, Ph.D. Vol. I. Genesis, 
8yo. 18«. or adapted for the General Header, 12s. Vol. II. Exodus, 16s, ot 
adapted for the General Reader, 12s, Vol. III. LeviHcus,> Pabt I. 16s, or 
adapted for the (General Reader, Bs, Vol. IY. LevMeus, Pabt II. 16s, or 
adapted for the General Reader, Ss, 

A DICTIONABY of BOHAE and GBEEE AETIQinTIES, with 

about Two Thousand Engravings on Wood from Ancient Originals, illnsbratlTa 
of the Industrial Arts and Social life of the Greeks and Romans. By A. Rich, 
B.A. Third Edition, reyised and improTod. Crown 8yo. price Is, 6d, 

A lATIE-ENOLISH DICTIONABT. By John T. White, D.D. 
Ozon. and J. E. Riddle, M.A. Ozon. Revised Edition. 2 vols. 4to. 4Sts. 

WHITE'S COLLEGE LATIE-ENGLISH DICTIOEABT antermediate 
Size), abridged for the use of University Students from the Parent Work (as 
above). ]l£edium 8vo. IBs, 

WHITE'S JUNIOB STVDEET'S COMPLETE LATIH-EEGLISH and 

BNGUSH-LATIN DICTIONARY. New Edition. Square 12mo. price 12s, 

Bo«««.f^w / The ENGLISH-LATIN DICTIONARY, price 6s, 6d, 
separately ^ ^^ LATIN-ENGLISH DICTIONARY, price Is, 6d, 

A LATIE-EEGLISH DICTION ABY, adapted for the Use of Middle- 
Class Schools. By John T. Whttb, D.D. Ozon. Square fcp. 8vo. price 8s. 

An ENGLISH-GBEEE LEXICON, containing all the Greek Words 
used by Writers of good authority. By C. D. Yonox, B.A, New Edition. 
4to. price 21s, 

Mr. YONGE'S NEW LEXICON, Engliih and Greek, abridged from 
his larger work (as above). Revised Edition. Square 12mo. price Ss, Bd, 

A GBEEX-ENGLISH LEXICON. Compiled by H. G, Liddell, I).D. 
Dean of Christ Church, and R. Scott, D.D. Dean of Rochester. Sixth Edition. 
Crown 4to. price d6s, 

A Lexicon, Greek and Engliih, abridged from Ltodell and Scott's 
Qreek-Englith Lexicon, Fourteenth Edition. Square 12mo. 7s, 6d. 

A SANSXBIT-ENGLISH DICTIONABY, the Sanskrit words printed 
both in the original Devan^^sri and in Roman Letters. Compiled by T. 
Benfby, Prof, in the Univ. of GSttingen. 8vo. 62s, 6d, 

A PRACTICAL DICTIONABY of the FBENCH and ENGLISH LAN- 
GUAGES. By L. CoiTTANSBAU. Revised Edition. Post 8vo. 10«. 6d. 

Contanieau*! Pocket Dictionary, French and English, abridged &om 
the above by the Author. New Edition, revised. Square 18mo. 3s, Sd, 

NEW PBACTICAL DICTIONABY of the GEBMAN LANGXTAGSi 

German-English and English-German. By the Rev. W. L. Bijlgklst, M.A 
and Dr. Gabl Habtot Fbiedlasdeq. Post 8vo. 7s, M* 
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The KASTEBT of LAKGXTA.GE8 ; or, the Art of Speaking Foreign 
Tongnee Idiomatically. By Thomas Pbendbboast. 8yo. <U. 



Miscellaneous Works and Popular Metaphysics. 

ESSAYS on FEEETHDrKIKG and PLAIN-SFEAKIHO. By Lnsun 
&rEPHXx. Grown Svo. 10«. 6(2. 

THE MISCELLANEOUS WOBKS of THOMAS ARNOLD, D.D. 

Late Head Master of Eugby School and Begins Professor of Modern History in 
the University of Oxford, collected and republished. 8to. 7«. 6d. 

MISCELLANEOUS and FOSTHUMOUS WOBKS of the Late HENBT 

THOMAS BUCKLE. Edited, with a Biographical Notice, by Helen Taylob. 
8 TolB. 8yo. price 6IU, M, 

MISCELLANEOUS WBITINGS of JOHN CONINGTON, M.A. late 
Corpns Professor of Latin in the Uniyersity of Oxford. Edited by J. A. 
Stmonds, M.A.. With a Memoir by H. J. S. Smith, M.A. 2 vols. Syo. 28«. 

ESSAYS, CBITIGAL and BIOGBAFHICAL. Contributed to the 
Edinburgh Review, By Henry BoGBBS. New Edition, with Additions. 2 yols. 
crown 8yo. price 12«. 

ESSAYS on some THEOLOGICAL CONTBOYEBSIES of the TIME. 

Oontribated chiefly to the Edinburgh Review, By Henry Bogbius. New 
Edition, with Additions. Crown 8vo. price 6«. 

LANDSCAFES, CHUBCHES, and MOBALITIES. By A. K. H. B. 

Crown 8yo. price Zt, 6d, 

Becreations of a Conntry Farson. By A. K. H. B. First and 
Second Series, crown 8yo. Ss. 6d, each. 

The Common-place Fhiloiopher in Town and Conntry. By A. K. H. B. 
Crown 8yo. price 8«. 6(i. 

Leiinre Honri in Town; Essays Consolatory, ^sthetical, Moral, 
Social, and Domestic. By A. K, H. B. Crown 8yo. 8«. 6d. 

The Antnmn Holidays of a Conntry Farson ; Essays contributed to 
Frames Jfagatine, Ac. By A. E. H. B. Crown 8yo. Bs. 6d. 

Seaside Musings on Sundays and Week-Days. By A. E. H. B. 
Crown 8yo. price 8«. 6d, 

The Grayer Thoughts of a Conntry Farson. By A. K. H. B. Fisst 
and Second Series, crown 8yo. 8«. 6d. each. 

Critical Essays of a Conntry Farson, selected from Essays con- 
tributed to /'ra«r'« i/a^fum^. ByA. E. H. B. Crown 8yo. d«. 6<f. 

Sunday Afternoons at the Farish Church of a Scottish University 
City. By A. E. H. B. Crown 8yo. 3s. 6d, 

Lessons of Middle Age; with some Account of various Cities and 
Men. By A. K. H. B. Crown 8yo. Bs, Bd, 

Counsel and Comfort spoken from a City Fnlpit. By A. K. H. B. 
Crown 8yo. price 8#. 6d, 
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CSEAVGEB ▲BPSGIS af XTVCHAHOEB XBVTHS ; Memorials of St. 
Andrews Sandajs. By A. £. H. B. Gioim 8to. S<. 6d. 

Preient-day Thoughts; Memorials of St Andrews Sandays. By 
A. K, H. B. Grown 8yo. 8«. (>d. 

8E0BT STUDIES on OBEAT SUBJECTS. By James Anthokt 
Fboudb, M.A. late Fellow of Szeter Coll. Oxford. 3 vols, crown 8vo. pzioe 12$, 

LOBD XACAULAT'S KISCELLAKEOXTS WBITUrCHB :_ 

LiBiUBT EranoN. 2 vols. dro. Portzait, 2U. 
PsoPLB's BDmoN. 1 vol. crown 8to. is. 6d. 

LOBD UACAULAY^S HISGELLAHEOUS WEITUTGSa&d BPEBGHES. 

Studxkt's SinxiON, in crown 8to. pxioe 6«. 

The B«v. STBVEY SHITHH ESSAYS contributed to the Edinburgh 
Beview. Authorised Edition, complete in 1 toL Crown Syo. price 2«. 6tf. 

The Ber. SYBHEY SHITH'S UISCELLABEOIfS WOBXS; including 
his Contributions to tbe Sdinburgh Beview, Crown Syo. 6s, 

The Wit and Wisdom of the Bev. Sydney Smith ; a Selection of 
the most memorable Passages in his Writings and Conversation. 16mo. is, 6d, 

The ECLIPSE of FAITH; or, a Visit to a Beligious Sceptic By 
Hknbt BooKEUS. Latest Edition. Pep. 8to. price £«. 

Befeuoe of the Eelipee of Faith, by its Author ; a rejoinder to Dr. 
Newman's Reply, Latest Kditiioa. Fcp 8yo. price 8«. €d. 

CHIPS frem a GEBKAB W0BX8H0P; Essays on the Science of 
Beligion, and on Mythology, Traditions, and Customs. Br F. Kax MOlleb, 
M.A. &c. Second Edition. 3 toIs. 8yo. £3. 

ANALYSIS of the PHENOKEBA of the HTTXAB ICIHD. By 

James Mill. A New Edition, with Notes, Ulustratiye and Critical, by 
Albxahder Bain, Andrew Findlatbb, and Geobob Grote. Edited, with 
additional Notes, by John Stuabt Milu 2 vols. 8yo. price 28«. 

An INTBODXTCTIOB to KEBTAL PHILCMSOPEY, on the Inductire 
Method. By J. D. Mobxll, M.A« LL.D. 8yo. 12s, 

ELBKEBTS of PSYCHOLOGY, containing the Analysis of the 
Intellectual Powers. By J. D. Mobell, M. A. LL.D. Post 8yo. 7s, 6d, 

The SECBBT of HEGEL; being the Hegelian System in Origin, 
Principle, Form, and Matter. By J. H. Stirlino, LL.D. 2 yols. 8yo. 28<. 

Snt WILLIAH HAKILTOB ; being the Philosophy of Perception : an 
Analysis. By J. H. SnRUNa, LL.D. 8yo. 6s, 

The SEBSES and the INTELLECT. By Albxaitdbb Baut, H.D. 
Professor of Logic in the ITniyersity of Aberdeen. Third Edition. 8yo. 16«. 

KEBTAL and KOBAL SCIEBCE: a Compendium of Psychology 
and Ethics. By the same Author. Third Edition. Crown 8yo. 10«. 6d, Qt 
sepexately : Part I. Msnua adenoe, U, 6d, Pa^t U^Mtrai Setenee, is, M, 

LOGIC, BEDXTCTIVE and IBDXTCTIYE. By the same Author. In 
Two Fabts, crown 8to. 10«. 6d. Each Part may be had separately :^ 
Pabt I. DedueUon, 4i. Part II. IndutMfiU, 61s. «4. 
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Tbe PHILOSOPHY of HSCE88ITY; or, Katural Law as applicable to 
ICental, Moral, and Social Sdenoe. By Gbablbs Bkat. 8to. 94. 

On FOBCE, its MEHTAL and HOBAL CO£B£LAI£S. By the 

same Author. 8vo. 5«. 

A XANTTAL of AHTEBOPOLOOT, or 8CIEHCX of XAH, based 
on Modem Besearch. By Ghaslbs Bhat. Crown Svo. price 6<. 

A PHSEH0L0GI8T AUOHOST the TOD AS, or the Study of a Frimi- 
tive Tribe in South India ; History, Character, Customs, Religion, Infanticide, 
Polyandiy, Language. By W.* E. Marbhat.t., lieoteaant-CoIonel B.S.G. With 
26 Blustrations. 8to 21«. 

A TEEATISE of HITMAN HATTTaE, being an Attempt to Introdnce 
fhe Experimental Method of Beasoning into Moral Subjects ; followed by Dia- 
logues oonoeming Natural Eeligion. By David Hums. Edited, with Notes, 
&c. by T. H. Grbkn, Fellow and Tutor, Ball. Coll. and T.H. Gbosb, Fellow 
and Tutor, Queen's CoU. Oxford. 2 vols. 8yo. 28j. 

StSATS KOBAL, POLITIGAL, and LITEBAEY. By Datid Hxthb. 
By the same Editors. 2 vols. 8yo. price 283. 

VEBEBWEO'S SYSTEM of LOGIC and HISTOBY of LOGICAL 

DOCTRINES. Translated, with Notes and Appendices, by T. M. Ldidsat, 
M JL F.RJ3.E. 8to. price 16«. 

A BTTDGET of PABADOZES. By AuausTUS Ds Hoboait, F.BA.S. 
andCJ*.S. 8vo.l6«. 



Astronomy^ Meteorology , Popular Geography^ &c. 

BBIHELEY*S ASTBONOMY. Bevised and partly re-written, with 
Additional Chapters, and an Appendix of Questions for Examination. By J. W. 
Stcbbs, D.D. Fellow and Tutor of Trinity College, Dublin, and F. Bbu»kow« 
Ph.D. Astronomer Royal of Ireland. Crown 8to. price 6s, 

OITTLIKES of ASTBONOMY. By Sir J. F. W. Bjsbschzl, Bart. 
M Jl. Latest Edition, with Plates and Diagrams. Square crown Svo. 12«. 

ESSAYS on ASTBONOMY, a Series of Papers on Planets and Meteors, 
the Sun and Sun-surrounding Space, Stars and Star-Cloudlets ; with a Dissertation 
on the approaching Transit of Venus. By BxcHAaD A. Pboctqb, B«A. With 
10 Plates and 24 Woodcuts. 8vo. lis. 

THE TBAN6ITS of YENTTS ; a Popular Account of Past and Coming 
Transits, from the first observed by Horrocks A.D. 1639 to the Transit of 
A.D. 2112. By R. A. Fboctob, BJL. Cantab. With 20 Plates and numerous 
Woodcuts. Crown 8vo. {Aem-ly ready, 

no VNIVEBSS and the COMING TBANSIT8: Presenting Be- 
searches into and New Views respecting the Constitution of the Heavens; 
together with an Investigation of the Conditions of the Coming Transits of Venus. 
By R. A. Pbootob, B.A. With 22 Charts and 22 Woodcuts. 8vo. 16«. 

The MOON ; her Motions, Aspect, fleenery, and Phyiical Condition. 
By B. A. Pbootob, B.A. With Plates, Ghacts, Woodcuts, and Three Lunar 
Photographs. Grown 8vo. 16«. 
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The STTK; BULEB, LIGHT, FIBE, And LIFE of the PLAKETABT 

SYSTEM. By B. A. Pboctob, B.A. Second Edition, -with 10 Plates (7 oo- 
loored) and 107 Figures on Wood. Crown 8yo. 14«« 

OTHEB WOBLDS THAN OTTaS; the Plurality of Worlds Studied 
under the Light of Becont Scientific Beaearohes. By B. A. Pboctor, B.A. 
Third Edition, with 14 Iliastrattona. Crown 8to. 10«. 6d, 

The OBBS ABOXTKD US ; a Series of Eamiliar Essays on the Moon 
and Planets, Meteors and Comets, the Sun and Coloured Pairs of Stars. Bj 
B. A. Proctor, B.A. Crown 8to. price 7<. 6d. 

SATTTBK and iti ST8TEK. By B. A. Paoctor, B.A. Svo. with 14 
Plates, lit. 

SGHELLEN'S SPECTBTTK ANALYSIS, in its application to Teires- 
trial Substances and the Physical Constitution of the Heavenly Bodies. Trans- 
lated by Janb and C. Lassell; edited, with Notes, by W. Huggixs, LL.D. 
F.B.S. With 18 Plates (6 coloured) and 228 Woodcuts. 8yo. price 28<. 

A NEW STAB ATLAS, for the Library, the School, and the Observatory, 
in Twelve Circular Maps (with Two Index Plates). Intended as a Companion 
to * Webb's Celestial Objects for Common Telescopes.' Witii a Letterpress 
Introduction on the Study of the Stars, illustrated by 9 Diagrams. By B. A. 
Proctor, B A. Crown 8yo. S«. 

CELESTIAL OBJECTS for COMMON TELESCOPES. By the Bey. 

T. W. Wbbb, M.A. F.B.A.S. Third Edition, revised and enlarged ; with Maps, 
Plate, and Woodcuts. Crown 8vo. price Is, 6d. 

AIB and BAIN; the Beginnings of a Chemical Climatology'. By 
BOBKRT Algous Smith, Ph.D. F.B.S. F.C.S. With 8 Illustrations. 8vo. 24f. 

NAUTICAL STTBVEYIN6, an INTBOBUCTION to the PBACTICAL 

and THEOBETICAL STUDY of. By J. K. Lauqhton, M.A. SmaU 8to. 6«. 

MAGNETISM and DEVIATION of the COMPASS. For the Use of 
Students in Navigation and Science Schools. By J. Merrepibld, LL.D. 
ISmo. 1«. 6d, 

DOVE'S LAW of STOBMS, considered in connexion with the Ordinary 
Movements of the Atmosphere. Translated by B. H. Soorr, M.A. Svo. 10«. 64. 

KEITH JOHNSTON'S GENEBAL DICTIONABY of GE0GBAPH7, 

Descriptive, Physical, Statistical, and Historical ; forming a complete Gazetteer 
of the World. New Edition, revised and corrected to the Present Date by t^ 
Author's Son, Ejetth Johnston, F.B.G.S. 1 vol. 8vo. [Nearly ready. 

The POST OFFICE GAZETTEEB of the UNITED KINGDOM. Being 

a Complete Dictionary of all Cities, Towns, Villages, and of the Prmclpal Gen- 
tlemen's Seats, in Oreat Britaiu and Ireland ; Beferred to the nearest Post Town« 
Bailway and Telegraph Station : with Natural Features and Objects of Note. By 
J. A. Sharp. 1 vol. 8vo. of about 1,500 pages. {In the press. 

The PUBLIC SCHOOLS ATLAS of MODEBN GE0GBAPE7. In 

31 Maps, exhibiting clearly the more important Physical Features of the 
Countries delineated, and Noting all the Chief Places of Historical, Commercial, 
or Social Interest. Edited, with an Introduction, by the Bev. G. Butler, MJL. 
Imp. 4to. price 3s, Gd, sewed, or 5<. cloth. 

The PUBLIC SCHOOLS MANUAL of MODEBN GEOGBAFHY. By 

the Bev. Gborqb Butler, M. A. Principal of Liverpool College ; Editor of * The 
Public Schools Atlas of Modern Geography.' {In preparaUotu 
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The PXTBIIC SCHOOLS ATLAS of AITCIENT GEOGBAFHT Edited, 
■with an Introduction on the Study of Ancient Geography, by the Eev. Gborgb 
Butler, M.A. Principal of Liveri)ool College. Imperial Quarto. 

[In preparatioHm 

A MANUAL of 6E0GBAFHY, Physical, Industrial, and Political. 
By W. Hughes, F.B.G.S. With 6 Maps. Fcp. 7«. 6d. 

XAXTNSEB'S TBEASVBT of GEOGBAFHY, Physical, Historical, 
Descrlptiye, and Political. Edited by W. Hughes, F.B.G.S. Bevised Edition, 
witb. 7 Maps and 16 Plates. Fcp. 6s. cloth, or 10«. bound in calf. 



Natural History and Popular Science. 

TEXT-BOOKB of SCIENCE, MECHANICAL and PHTSICAI., 

adapted for tbe use of Artisans and of Students in Public and Science Schools. 
Edited by T. M. Goodeve, M.A. and C. W. Merrdield, F.B.S. 

Anderson's Strength of Materials, small Sto. 8«. 6d, 
Armstrong's Organic Ghenustry, S«. 6d. 
Bloxam's Metals, Ss. 6d. 
GoODSVB's Elements of Mechanism, 3^. 6d, 

Principles of Mechanics, 8«. 6d. 

Griffin's Algebra and Trigonometry, 3<. 6<2« Notes, Z3,6d, 

Jenkin's Electricity and Magnetism, Ss, 6d. 

Maxwell's Theory of Heat, Zs, 6d. 

Mbrrifebld's Technical Arithmetic and Mensuration, 3«. 6d, Key, 3«. 6cL 

Miller's Inorganic Chemistry, ds. 6d, 

Shelley's Workshop Appliances, 3«. Sd, 

Thorpe's Quantitative Chemical Analysis, 4j. Gd. 

Thorpe & Muir's Qualitative Analysis, Bs. Gd, 

Watson's Plane and Solid Geometry, 3^. 6d, 

*«* Other Text-Books in active preparation. 

ELEMENTABT TBEATISE on PHTSICS, Experimental and Applied. 
Translated and edited from Ganot's £UmenU de Physique by E. Atkinson, 
Ph.D. F.C.S. New Edition, revised and enlarged ; with a Coloured Plate an() 
726 Woodcuts. Post 8vo. 16*. 

NATVBAL PHILOSOPHT for GENEBAL BEADEBS and TOTING 

PEBSONS; being a Course of Physics divested of Mathematical Formulas 
expressed in the language of daily life. Translated from Ganot's Cours cPe 
Physique and by E. Atkinson, Ph.D. F.C.S. Crown 8vo. with 404 Woodcuts, 
price 7s. 6d. 

HELHHOLTZ'S POPULAB LECTVBES on SCIENTIFIC SUBJECTS. 

Translated by E. Atkinson, Ph.D. F.C.S. Professor of Experimental Science, 
Staff College. With an Introduction by Professor Ttndall. 8vo. with nume- 
rous Woodcuts, price 12s. 6d. 

SOUND : a Course of Eight Lectures delivered at the Eoyal Institution 
of Great Britain. By John Tyndall, LL.D. D.C.L. F.R.S. New Edition, 
with 169 Woodcuts. Crown Svo. 9s. 

HEAT a MODE of MOTION. By John Ttndall, LL.D. D.C.L 
F.B.S. Fourth Edition. Crown Svo. with Woodcuts, 105. Qd, 
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COVTBIBimOirS to KOLEOITLAS FHTSIG8 in tlM DOMAIN of 

BADIANT HEAT. By J. Ttvdall, LLJ). D.C.L. F.B^. WiUx 2 Plates and 
81 Woodcuts. Sto. 16<. 

BEflEABCHES on DIAMAGITETISM and MAGNE-CBTSTALLIC 
ACTIOK ; inclading the Qnestion of Diama^etlc Polarity. By J. Ttndalil, 
M.D. D.G.L. F.B.S. With 6 plates and many Woodcuts. 8yo. lit, 

NOTES of a COUBSE of SEVEN LECTTIBES on ELECTBICAL 

PHENOMENA and THEORIES, dellTered at the Boyal Institution, a.d. 1870. 
By John Ttkdall, LL.B., D.C.L., F.B.S. Grown Svo. 1^. sewed ; It. 6d, doth. 

A TBEATISE on UAGNETISM, General and Terrestrial. By Hum- 
phrey Lloyd, D.D., D.G.L., Provost of Trinity College, Dublin. Svo. price 
10«. 6d, 

ELEHENTABT TBEATISE on the WAVE-THEOBT of LIGHT. 

By HuMPHRST LLOTn, D.D. D.GX. Provost of Trinity GoUege, Dublin. Third 
Edition, revised and enlarged. 8vo. price 10<. M, 

LECTTIBES on LIGHT deliyered in the United States of America in 
the Years 1872 and 1873. By John Tyndall, LL.D. D.aL. F.B.S. With 
Frontispiece and Diagrams. Grown Svo. price It, 6d. 

NOTES of a GOTTBSE of NINE LECTTTBES on LIGHT delivered at the 
Royal Institution, A.D. 1869. By John Tyndall, LL.D. D.C.L. F.R.S. 
Grown Svo. price 1«. sewed, or Is, 6d, doth. 

ADBBESS delivered before the British Association assembled at 
Belfast ; with Additions and a Preface. By John Tyndall, F.R.S. President. 
Svo. price Zs. 

FBAGNENTS of SCIENCE. By Johk Ttndall, LLJ). D.C.L. F.R.S. 

Third Edition. Svo. price 14«. 

LIGHT SCIENCE for LEISTTBE HOXTBS; a Series of Familiar 
Essays on Scientific Subjects, Natural Phenomena, &c. By B. A. Pboctob, 
B.A. First and Second Series. Crown Svo. 7«. 6d, each. 

The COBBELATION of PHYSICAL FOBCES. By the Hon. Sir W. R. 
Grovb, M.A. F.R.S. one of the Judges of the Court of Common Pleas. Sixth 
Edition, with other Contributions to Sdence. Svo. price 15s. 

Professor OWEN'S LECTTTBES on the COMFABATIVE ANATOHY 

and Physiology of the Invertebrate Animals. Second Edition, with 235 Woodcuts. 
Svo. 21s. 

The COMFABATIVE ANATOMY and PHYSIOLOGY of th» VEBTE- 

BRATE ANIMALS. By Richabd Owen, F.B.S. D.G.L. With 1,472 Woodcuts. 
8 vols. Svo. £3. Ids, 6d, 

FBINCIFLES of ANIMAL MECHANICS. By the Kev. S. Hauohton, 
F.R.S. Fellow of Trin. Coll. Dabl. M.D. Dubl. and D.C.L. Ozon. Second 
Edition, with 111 Figures on Wood. Svo. 21«. 

BOCES CLASSIFIED and DESCBIBED. By Bernhaed Von Cotta. 
English Edition, by P. H. Lawrence; with English, German, and French 
Synonymes. Post Svo. 14«. 

The ANCIENT STONE IMPLEMENTS, WEAPONS, and OBNA- 

MENTS of GREAT BRITAIN. By John Evans, F.R.S. F.S.A. With 2 Plates 
and 17G Woodcuts. Svo. price 28^. 
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FEIKa&VAL WaSLD of SWITZEBUJTB. By Professor OswM.i> 
Hrer, of the University oC Zarich. Translated by W. S. Dallas. F.L.S., and 
edited by Jauxs Heywoob, M.A., VJBLB. 2 toIh. Svo. with numeroos Illus- 
trations, [/n impress. 

Th9 OSieiK of CIVILiaATIOV and tho PXIXITITX OOITBITION 

of HAN ; Mental and Sodal Condititm of Saraieesik By Sir Jork Lubbock, 
Bart. M.P. F3.S. TlurdBdition, revised, with Woodcuts. {ITearlp readp, 

BIBU AVIHAL8; Mng a Description of every Living Oreatnre 
mentioned in the Scriptia«e, from the Ape to the Ooral. By the Ber. J. G. 
Wood, M JL. F.L.S. With abont 100 Vignettes on Wood. 8yo. 21«. 

E0XX8 WrrSAWI HAVBS ; a Description of tlM Habitations of 
Animals, classed accordinir to their Principle of Construction. By the Ber. J. 
G. Wood, H.A. F.L.S. With about 140 Vignettes on Wood. 8yo.SU. 

mSECTB AT HOME ; a Popnlar Acconnt of Sritish Insects, their 
Btmcture, Habits, and Transformations. By the Eev. J. G-. Wood, M.A. F Ji.8. 
With npwaids of 700 XUzurtrations. 8to. price 2U. 

INSECTS ABBOAD; a Popular Acconnt of Foreign Insects, their 
Stmctore, Habits, and Transformations. By J. G. Wood, M.A. F.L.S. Printed 
and iUustrated uniformJy with * Insects at Home.' 8yo. -priae 2U. 

STBAirOE DWELLINGS; a description of the Habitations of 
Animals, abridged from ' Homes without Hands/ By the Bev. J. G. Wood, 
MJL. F Ji.S. With about 60 Woodcut Illustrations. Crown 8yo. price 7«. 6<l. 

OUT of IK)0B8 ; a Selection of original Articles on Practical Natural 
History. By the Bey. J. G. Wood, M.A. F.L.S. With Eleyen Illastrations from 
Original Designs engrayed on Wood by G. Pearson. Crown 8yo. price 7s. 6d, 

A FAMILIAK HIITOEY of BIEDS. By E. Stanlbt, D.D. F.E.S. 
late Lord Bishop of Norwich. Seventh Edition, with Woodcuts. F<9. 3s. 6d, 

FROM JANXTAET to DBCEMBEB ; a Book for ChUdren. Second 
Edition. 8yo. Zs, 6d. 

The SEA and its LIVING WONDEBS. By Dr. Geobge Hastwig. 
Latest revised Edition. 8vo. with many Illustrations, 10«. 6d. 

The TBOFICAL WOBLD. By Dr. asonaB Habtwig. With above 160 
Illustrations. Latest revised Edition. 8yo. price 10s, ScU 

The STTBTEBBANEAN WOBLB. By Dr. Gbobob Habtwig. With 
3 Maps and about 80 Woodcuts, including 8 full size of page. 8to. price 21«. 

THE AEBIAL WOBLB. By Dr. G-eobgb Habtwig. With 8 Chromo- 
xylographs and 60 lUnstrations engraved on Wood. 8vo. price 21s, 

The FOLAB WOBLB, a Popnlar Description of Man and Nature in the 
Arctic and Antarctic Begions of the Globe. By Dr. Gbobob Habtwig. With 
8 Ghromoj^lograpfas, 3 Maps, and 85 Woodcuts. 8yo. 10s, 6d, 

EIBBY and SFENGFS INTBOBITCTION to ENTOHOLOGT, or 

Elements of the Natural History of Insects. 7th Edition. Crown 8yo. 6s. 

MATTNDEB'S TBEASTTBT of NATTTBAL HISTOBT, or Popnlar 
Dictionary of Birds, Beasts, Fishes, Beptiles, Insects, and Creeping Things. 
With aboye 900 Woodcuts. Fcp. 8yo. prioe 6s, cloth, or 10<. bound in calf. 

MAUNBEB'S SCIENTIFIC and LITEBABT TBEASTTBT. New 

Edition, thoroughly revised and in great part rewritten, with above 1,000 
new Articles, by J. Y. JoicfSON. Fcp. Sro. 6«. cloth, or 10s, calf. 
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HANDBOOK of HABDY TBEES, SHBXTBS, And HEBBACEOVS 

PLANTS, containing Deecriptlona, Natiye Conntries, &c. of a Selection of the 
Best Species in Gnltiyation ; togeth^ with Coltoral Details, Comparative 
Hardiness, Suitability for Particular Positions, &c. By W. B. Hem8LK7. Based on 
Dbcaisnb and Naudin's Manuel de r Amateur des Jardi$u, and including the 264 
Original Woodcuts. Medium 8to. 21«. 

AOENEEAL STSTEM of BOTANY DESCBIPTIYE and ANALYTICAL. 

I. Outlines of Organography, Anatomy, and Physiology ; n. Descriptions and 
Illustrations of the Orders. By E. Lb Maout, and J. Deoaisnk, Members of 
the Institute of France. Translated by Mrs. Hooksr. The Orders arranged 
after the Method followed in the TJniyersities and Schools of Great Britain, its 
Colonies, America, and India ; with an Appendix on the Natural Method, and 
otiier Additions, by J. D. Hooker, F.B.S. &c. Director of the Boyal Botanical 
Gardens, Eew. With 6,600 Woodcuts. Imperial Svo. price 62«. 6d. 

The TEEASUBY of BOTANY, or Popular Dictionary of the Vegetable 
Kingdom ; including a Glossary of Botanical Terms. Edited by J. Lixdxjet, 
F.B.S. and T. Moore, F.L.S. assisted by eminent Contributors. With 274 
Woodcuts and 20 Steel Plates. Two Parts, fcp. 8yo. 12e, doth, or 20<. calf. 

The ELEMENTS of BOTANY for FAMILIES and SCHOOLS. 

Tenth Edition, revised by Thomas Moobb, FX.S. Fcp. with 164 Wood- 
cuts, 24. 6ci. 

The BOSE AMATEUR'S 6XTIDE. By Thomas Bitebs. Fonrteenth 
Edition. Fcp. 8yo. 4«. 

LOUDON'S ENCYOLOPJEDIA of PLANTS ; comprising the Specific 
Character, Description, Culture, History, &c. of all the Plants found in 
Great Britain. With upwards of 12,000 Woodcuts. 8yo. 42«. 

A DICTIONAEY of SCIENCE, LITERATUBE, and ABT. Fourth 
Edition, i^-edited by W. T. Brakdb (the original Author), and G&orgs W. 
Cox, M.A., assisted by contributors of eminent Sdentiflc and JAtenry' 
Acquixements. 8 vols, medium 8to. price 63«. cloth. 



Chemistry and Physiology. 

A DICTIONABY of CHEMISTBY and the Allied Branches of other 
Sciences. By Henrt Watts, F.B.S. assisted by eminent Contributors* 
6 vols, medium Svo. price £8. 14«. 6d. Second Supplement in Oie Press, 

ELEMENTS of CHEMISTBY, Theoretical and Practical. By W. Axlrn 
MuJJER, M.D. late Prof, of Chemistry, King's Coll. London. New 
Edition. 3 vols. Svo. £3. Pabt I. Chemical Phtsics, IBs. Part II. 
iNOBOANio Chemistry, 21s. Part III. Organic Chbmistrt, 24«. 

A Course of Practical Chemistry, for the use of Medical Students. 
By W. Odung, P.R.S. New Edition, with 70 Woodcuts. Crown 8to. 7s. Bd. 

A MANUAL of CHEMICAL PHYSIOLOGY, including its Points of 
Contact \\'ith Pathology. By J. L. W. Thudichum, M.D. With Woodcuts. 
8vo. price 7s. Od, 

SELECT METHODS in CHEMICAL ANALYSIS, chiefly INOB- 

GANIC. By WiLLiAM Crookes, F.B.S. With 22 Woodcuts. Crown 8yo. 
price 12s. 6d, 
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A PBACTICAX HANDBOOK of DTEING and CALICO PBINTING, 

By William Gbookbr. F.B.S. With 11 Page Plates, 49 Specimens of Dyed and 
Printed Fabrics, and 86 Woodcuts. 8vo. 42<. 

0TTTLINE8 of PHTSIOLOGT, Human and Comparative. By John 
Marshall, F.B.C.S. Surgeon to the University College HospitaL 2 vols* 
crown 8vo. with 122 Woodcuts, 82«. 

PHTSIOLOGICAL ANATOMT and PHTSIOLOGT of HAN. By the 

lAte R. B. Todd, M.D. F.B.S. and W. Bowman, F.B.8. of King's College. 
With numerous IllusCrations. YoL II. 8vo. 26*, 

Vol. I. New Edition by Dr. Lionbl S. Beale, F.B.S. lii course of publi- 
cation, with many Illustrations. Parts I. and II. price 7s, 6(1. each. 



27ie Fine ArtSy and Illustrated Editions. 

A DICTION ABT of ABTISTS of the ENGLISH SCHOOL : Painters, 
Sculptors, Architects, Engravers, and Omamentists ; with Notices of their Lives 
and Works. By 8. Bedgilavb. 8vo. 16«. 

The THBEE CATHEDBALS DEDICATED to ST. PAUL, in LONDON ; 

their History from the Foundation of the First Building in the Sixth Century 
to the Proposals for the Adornment of the Present Cathedral. By William 
Longman, F.A.S. Witii numerous Illustrations. Square crown 8vo. 21«. 

IN FAIBTLAHD; Pictures from the Elf-World. By Richard 
DOTLB. With a Poem by W. Alunqham. With Sixteen Plates, containing 
Thirty-six Designs printed in Colours. Second Edition. Folio, price 15«. 

ALBERT DTTRER, HIS LIFE and WORKS; including Auto- 
bi<^rraphical Papers and Complete Catalogues. By William B. Scott. 
With Six Etchings by the Author, and other Illustrations. 8vo. 16«. 

The NEW TESTAMENT, illustrated with Wood Engravings after the 
Early Masters, chiefly of the Italian SchooL .Crown 4to. 63«. cloth, gilt top; 
or £5 5«. elegantly bound in morocco. 

LYRA OERHANICA; the Christian Year and the Christian Life. 
Translated by Catherine Winkwobth. With about 825 Woodcut mustrationt 
by J. Leiohton, F.S.A. and other Artists. 2 vols. 4to. price 42«. 

The LITE of MAN SYMBOLISED by the MONTHS of the YEAR. 

Text selected by B. Floor ; Illustrations on Wood from Original Designs 
J. Lbighton, F.S.A. 4to. 42«. 

SACRED and LEGENDARY ART. By Mrs. Jameson. 

Legend! of the Saints and Martyrs. New Edition, with 19 
Etchings and 187 Woodcuts. 2 vols, square crown 8vo. 81<. 6d. 

Legends of the Monastic Orders. New Edition, with 11 Etehings 
and 88 Woodcuts. 1 vol. square crown 8vo. 21«. 

Legends of the Madonna. New Edition, with 27 Etchings and 
165 Woodcuts. 1 vol. square crown 8vo. 21«. 

The History of Onr Lord, with that of his Types and Precursors. 
Completed by Lady Eastlakb. Bevised Edition, with 81 BtcUngs and 
281 Woodcuts. 2 vols, square crown 8vo. 42<. 
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DAEDALUS ; or, the CsuBes and Principles of the Excellence of 

Oreek Sculpture. By Edwasd Falkxner, Member of the Academy of Bologna, 
and of the Archaeological Institutes of Borne and Berlin. With Woodcuts, 
Photographs, and GhromoUthographs. Eoyal 8to. 42i. ; 

PALKENEE'S HTJSETJH of CLASSICAL ANTIQUITIES ; a Series 

of Essays on Ancient Art. New Edition, complete in One Yolmne, with many 
Hlostrations. Boyal 8to. price 42i. 



The Useful Arts, Manufactures, &c. 

EISTOBY of the OOTHIC EEVIVAL ; an Attempt to shew how far 
the taste for Mediaeyal Architecture was retained in England during the 
last two centuries, and has been re-developed in the present. By 0. L. East- 
lake, Architect. With 48 Illustrations Imperial 8yo. Sl«. 6d, 

OWILrS ENCTCL0F2DIA of ABCHITECTTmE, with above 1,600 
Engrayings on Wood. Fifth Edition, revised and enlarged by Wtatt 
Fafworth. 8vo. 62s. 6(2. 

A MANUAL of ABCEITECTUBE: being a Concise History and 
Explanation of the principal Styles of European Architecture. Ancient, 
Mediaeval, and Eenaissance; with a Glossary of Technical Termai By 
Thomas Mitchell. Crown 8vo. with 150 Woodcuts, 10s, 6d, 

HINTS on HOUSEHOLD TASTE in FUBNITUBE, UFHOLSTEBY, 

and other Details. By Charles L. Eastlakb, Architect. New Edition, 
with about 90 Illustrations. 8qaare crown 8vo. 14«. 

FEIECIFLES of MECHANISM, designed for the Use of Stadents in 
the Universities, and for Engineering Students generally. By B« 
Willis, M.A. F.B.S. &c. Jacksonian Proferaor in the University of Cam- 
bridge. Second Edition, enlarged ; with 374 Woodcuts. 8vo. I8s, 

OEOMETBIC TUBNINO : comprising a Description of Plant's New 
Geometric Chuck, with directions for its use, and a series of Patterns cut by 
it, with Explanations. By H. S. Bavobt. With numerous Woodcuts. 8vo. 21s, 

LATHES and TUBNINO, Simple, Mechanical, and Ornamental. 

By W. Henry Nobthcott. With about 240 Illustrations. 8vo. 18s, 

FEBSFECTIYE ; or, the Art of Drawing what One Sees. Explained 
and adapted to the use of those Sketching from Nature. By Lieut. W. E. 
Collins, R.E. F.R.A.S. With 37 Woodcuts. Crown 8vo. price 5s, 

INBUSTBIAL CHEMISTBT; a Manual for Mannfactnrers and for 
use in Colleges or Technical Schools. Being a Translation of Professors Stohmann 
and Engler's German Edition of Paten's Pf-4cis de Chimie Indtutrielley by Dr. 
J. D. Babet. Edited and supplemented by B. H. Paul, Ph.D. 8vo. with Plates 
and Woodcuts. [In the press, 

UBE*S DICTIONABY of ABTS, MANUFACTUBES, and MINES. 

Sixth Edition, rewritten and enlarged by Robert Hunt, F.R.S. assisted by 
numerous Contributors eminent in Science and the Arts, and familiar witii 
Hanuf actures. With above 2,000 Woodcuts. 3 vols, medium 8yo. £4 lit, 6d, 
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HANDBOOK of FEACTICAL TELEGRAPHT. By B. S. Cullbt 

Memb. Inst. O.E. Bngineer-in-GMef of Telegraphs to the Post Office. Sizth 
Edition, 'with 141 Woodcuts and 6 Plates. 8vo. price 16«. 

The ENOINEEB'S HANDBOOK; en^laining the Principles which 
should guide the Young Bngineer in the Construction of Mach^ery, with the 
neceBsary Bules, Proportions, and Tables. By G. S. Lowkdbs. Poet 8to. 5«. 

SNGTCLOPJEDIA of CIVIL ENGINEEBING, Historical, Theoretical, 
andPracticaL By E. Cbest, O.E. With above 8,000 Woodcuts. 8to.42(. 

The STBAINS IN TETJSSES computed by means of Diagrams ; with 
' 20 Examples drawn to Scale. By F. A. Banken, M.A. O.E. With 85 Dia- 
grams. Square crown Svo. 6s, 6(2. 

TBEATISE on KILLS and HILLWOEK. By Sir W. Faibbairn, 

Bart. F.B.S. New Edition, with 18 Plates and 822 Woodcuts, 2 vols. 8yo. 82«. 

TT8EPTTL INFOBMATION for ENGINEEBS. By Sir W. Faibbairn, 
Bart. F.B.S. Bevised Edition, with Illustrations. 3 vols, crown 8yo. price 31«. 6d. 

The APPLICATION of CAST and WBOUGHT IKON to BnUding 
Purposes. By Sir W. Faibbairn, Bart. F.B.S. Fourth Edition, enlarged ; with 
6 Plates and 118 Woodcuts. 8to. price 16«. 

GUNS and STEEL; Miscellaneous Papers on Mechanical Subjects. 
By Sir Joseph Whttwobth, Bart. G.E. Boyal 8to. with Illustrations, 7s, M, 

A TSEATISE on the STEAM ENGINE, in its various 'Applications 
to Mines, MiUs, Steam Navigation, Bailways, and Agriculture. By J. Boubne, 
G.E. Eighth Edition ; with Portrait, 87 Plates, and 546 Woodcuts. 4to. 42«. 

CATECHISM of the STEAM ENGINE, in its various Applications to 
Mines, Mills, Steam Navigation, Bailways, and Agriculture. By the same 
Author. With 89 Woodcuts. Fcp. 8vo. 6s, 

HANDBOOK of the STEAM ENGINE. By the same Author, forming 
a Eet to the Catechism of the Steam Engine, with 67 Woodcuts. Fcp. 9s. 

BOTJBNE'S BECENT IMPBOVEMENTS in the STEAM ENGINE in its 

various applications to Mines, Mills, Steam Navigation, Bailways, and Agri- 
culture. By John Boubne, CE. New Edition, with 124 Woodcuts. Fcp. 8vo. 6s, 

HANDBOOK to the MINEBALOGY of COBNWALL and DEVON ; 

with Instructions for their Discrimination, and copious Tablets of Localities. 
By J. H. CoLUNS, F.G.S. With 10 Plates. Svo. 6s. 

PRACTICAL TBEATISE on METALLTJBGY, adapted from the last 
German Edition of Professor Eebl's Metallurgy by W. Cbookes, F.B.S. &c. 
and E. B5hbiq, Ph.D. M.E. With 625 Woodcuts. 8 vols. 8vo. price £4 19«. 

MITCHELL'S MANUAL of PRACTICAL ASSAYING. Fourth Edi- 
tion, for the most part rewritten, with all the recent Discoveries incorporated, ' 
by W. Gbookbs, F.B.S. With 199 Woodcuts. 8vo. 31«. 6d, 

LOUDON'S ENCYCLOPEDIA of AGBICTn:.TirB£ : comprising the 
Laying-out, Improvement, and Management of Landed Property, fuid the Culti- 
vation and Economy of Agricultural Produce. With 1,100 Woodcuts. 8vo. 21i. 

London's Eneyclopesdia of Gardening: comprising the Theory and 
Practice of Ho^iculture, Floriculture, Arboriculture, and Landscape Gardening. 
With 1,000 Woodcuts. 8vo. 21«. 

b2 
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ReUgious and Moral Works. 

SERHOirS ; Including Two Sermons on the Interpretation of Frophec^r, 
and an Essay on the Bight Interpretation and UnderBtanding of the Scriptnres. 
By the late Bev. Thomas Abnold, D.D. 8 vols. 8to. price 21«. 

CHBISTIAN LIFE, its COTJSSE, its HINDRANCES, and its 

HELPS ; Sermons preached mostly in the Chapel of Rugby School. By the 
late Bev. Thomas Arnold, D.D. 8vo. Is, 6d, 

CHRISTIAK LIFE, its HOPES, its FEARS, and its CLOSE; 

Sermons preached mostly in the Chapel of Rugby SchooL By the late Bev. 
Thomas Arnold, D.D. 8vo.7<. 6d. 

SERMONS ebijBfly on the INTERPRETATION of SCRIPTURE. 

By the late Bev. Thomas Arnold, D.D. 8to. price 7i. 6d. 

SERMONS preached in the Chapel of Bugby School ; with an Address 
before Confirmation. By the late Bev. Thomas Arnold, D.D. Fcp. 8to. price 
3s. Bd. 

THREE ESSAYS on RELIGION: Nature; the Utility of Eeligion; 
Theism. By John Stuart Mill. 8vo. price lOs, 6d, 

INTRODUCTION to the SCIENCE of RELIGION. Four Lectures 
delivered at the Boyal Institution ; -with Two Essays on False AntUogies and 
the Philosophy of Mythology. By F. Max MUller, M.A. Grown 8to. 10s, 6d, 

SUPERNATURAL RELIGION; an Inquiry into the Beality of Divine 
Revelation. Third Edition, revised. 2 vols. 8vo. 2U, 

ESSAYS on the HISTORY of the CHRISTIAN RELIGION. By Jomi 

Earl BnsssLL. Cabinet Edition, revised. Y6p. 8vo. prioe 3«. 6d, 

The NEW BIBLE COMMENTARY, by Bishops and other Clergy 
of the Anglican Church, critically examined by the Bight Bev. J. W. Colbnso, 
D.D. Bishop of Natal. 8vo. price 25s, 

REASONS of PAITH ; or, the OEDEE of the Christian Argument 
Developed and Explained. By the Bev. O. S. Drbw, M«A« Second Edition, 
revised and enlarged. Fcp. 8vo. prioe 6i. 

SYNONYMS of the OLD TESTAMENT, their BEARING on CHRIS- 
TIAN FAITH and PRACTICE. By the Bev. B. B. Gibdlbbtonb, M.A. 8va 15s, 

An INTRODUCTION to the THEOLOGY of the CHURCH of 

ENGLAND, in an Exposition of the Thirty-nine Articles. By the Bev. T. P. 
BouLTBEE, LL.D. New Edition, Fcp. 8vo. price 6<. 

SERMONS for the TIMES preached in St Paul's Cathedral and 
elsewhere. By theBev. Thomas GfiiFBTrH, M.A. Crown 8vo.6i. 

An EXPOSITION of the 39 ARTICLES, Historical and Doctrinal. 
By E. Harold Browns, D.D. Lord Bishop of Winchester. New Edit. 8vo. 16<. 

The LIFE and EPISTLES of ST. PAUL. By the Bev. W. J. 
OONYBEARB, M. A., and the Very Bev. J. S. Howson, D.D. Dean of Chester :— 

LiBRART EDmo.v, With all the Original Illustrations, Maps, Landscapes on 
Steel, Woodcuts, &c. 2 vols. 4to. iSs, 

Intermediate Edition, with a Selection of Maps, Plates, and Woodcutk 
2 vols, square crown 8vo. 21«. 

Student's Edition, revised and condensedi with 46 Dlostrations and Maps. 
1 vol. crown 8vo. price 9s, 
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The VOTAOE and SHIFWBECK of ST. PAUL ; with Dissertations 
on the Life and Writings of St. Luke and the Ships and Navigation of the 
Ancients. By Jambs Smxeh, ]r.B.S. Third Edition. Grown 8to. lOi. Bd. 

COHHENTABY on the EPISTLE to the BOMANS. By the Eev. 
W. A. 0'Ck>NOB, B.A. Grown 8yo. price JU. Sd, 

The EPISTLE to the HEBSEWS ; with Analytical Introduction and 
Notes. ^7 the Ber. W. A. O'Conob, B JL Grown 8to. price is. 6d. 

A CBITICAL and OBAXKATICAL COMMENTABY on ST. PAULAS 
Epistles. By G. J. Blucott, D.D. Lord Bishop of Gloucester and Bristol. 8vo. 

Ckilatians, Fonrth Edition, 8«. 6(2. 

Ephesians, Fonrth Edition, Ss. 6d, 

Pastoral Epistles, Fonrth Edition, 10«. 6d, 

Philippians, Colossians, and Philemon, Third Edition, 10«. 6d, 

Thessalonians, Third Edition, 78, 6d. 

mSTOBICAL LECTTJBES on the LIFE of OUB LOBD. By 

G. J. Ellicoit, D.D. Bishop of Gloucester and Bristol. Fifth Edition. 8to. 12s, 

EVIDENCE of the TBUTH of the CHBISTIAN BELI6I0N derived 
from the Literal Fulfilment of Prophecy. By Albxandkb Kbith, D.D. 87th 
Edition, with Plates, in square 8to. 12s. ed, ; 89th Edition, in post 8yo. 6s, 

The HISTOBY and LITEBATUBE of the ISBAELITES, according 
to the Old Testament and the Apocrypha. By G. Db Bothsohild and A. Db 
BoTBSCHiLD. Second Edition, revised. 2 vols, poet 8yo. with Two Maps, 
price 12«. 6d, Abridged Edition, in 1 vol. fcp. 8yo. price Zs, Bd, 

An INTBODUCTION to the STUDY of the NEW TESTAMENT, 

Gritical, I^egetical, and TheologioaL By the Bev. S. Davidson, D.D. LL J). 
2 Tols. 8to. 30s, 

HISTOBT of ISBAEL. By H. Ewald, Prof, of the Univ. of Gottin- 
gen. Translated by J. B. Gabpsnter, M.A., with a Preface by Eussbll Mab- 
HKBAU, M.A. 6 vols. 8yo. 638. 

T^e TBEASTJBY of BIBLE KNOWLEDGE ; being a Dictionary of the 
Books, Persons, Places, Events, and other matters of which mention is made in 
Holy Scripture. By Bev. J. Atrb, M.A. With Maps, 16 Plates, and numeroua 
Woodcuts. Fcp. 8to. price 6s. doth, or 10s, neatly bound in calf. 

LECTUBES on the PENTATEUCH and the HOABITE STONE. 

By the Bight Bev. J. W. Golbnso, D.D. Bishop of Natal. 8to. 12s. 

The FENTATETJCEandBOOKof JOSHUA CBITICALLY EXAMINED. 

By the Bight Bev. J. W. Golbnso, D.D. Bishop of Natal. Grown 8to. 6s, 

THOUGHTS for the AGE. By Elizabeth M. Sbwbll, Author of 
* Amy Herbert,' &c. New Edition, revised. Fcp. 8to, price 3s, 6d, 

PASSING THOUGHTS on BELIGION. By Miss Setvbll. Fcp. 8yo. 

3s. 6d, 

SELE-EXAHINATIOK before CONEIBXATIOK. By Miss Sewell. 
32mo. price Is, 6d. 

BEATINGS for a MONTH preparatory to CONFIBMATION, from 
Writers of the Early and English Ghnrch. By Miss Siwxll. Fcp. 4i. 
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BEABDTGS for EYSBY DAY in LEKT, compiled from the Writings 
of Bishop Jbkeict Tatlob. By MIm Sewsll. Fcp. 6s, 

PB£FABATIOK for the HOLY COHMTTKIOK ; the Devotions chiefly 
from the Works of Jssxmt Tatlob. By Hiss Sswxll. 82mo. 9s, 

THOUGHTS for the HOLY WEEK for Young Persons. By Miss 
BxwELL, New Edition. Fcp. 8to. 2s, 

FBINCIFLES of EDUCATION Drawn from Nature and Bevelation, 
and applied to Female Bdncation in the Upper Claases. By Miss Sewbll. 
2 TolB. fcp. 8vo. 12«. Bd, • 

LYBA GEBHANICA, Hymns translated from the German by Miss 
C. WiKKWOBTH. FmsT and Bboond Sebibs, price Ss, 6d, each. 

SFIBITUAL BONOS for the SUNDAYSl and HOLIDAYS throngh- 

ont the Year. By J. S. B. Monsbll, LL.D. Fcp. 8to. is, 6d. 

ENDEAVOUES after the CHBISTIAN LIFE : Discourses. By the 
Bev. J. Mabtineau, LL.D. Fifth Edition, carefully revised. Grown 8to. 7s, 6d. 

HYMNS of FEAISE and PEAYEB, collected and edited by the Bey. 
J. Mabtineau, LL.D. Crown 8to. 4a. 6<2. 

WHATELY'S INTBODUCTOBY LESSONS on the CHBISTIAN 

ETldences. 18mo. 6d, 

BISHOP JEBEMY TAYLOB'S ENTIBE WOBKS. With Life by 
Bisbop Hebeb. Bevised and corrected by the Ber. C. P. Edbk. Complete in 
Ten Yolamee, 8yo. doth, price £5. 6s, 



Travels, Voyages, &c. 

EIGHT YEABS in CEYLON. By Sir Samuel W. Baeeb, M.A« 
F.B.a.S. New Edition, with Qlnstrations engraved on Wood, by G. Pearson. 
Crown 8vo. 7s, fid. 

The BIFLE and the HOUND in CEYLON. By Sir Sauitel W. 
Babeb, M JL F.B.G.S. New BditIon« with Illustrations engraved on Wood by 
G. Pearson. Crown 8vo. 7s, 6d. 

MEETING the SUN ; a Journey all round the World through Egypt, 
China, Japan, and California. By Wiuiam BiifPSON, F.B.G.S. Witii 48 Hdlo- 
types and Wood Engravings from I^wings by the Anther. Medium 8vo. %is, 

UNTBODDEN PEAKS and UNFBEQUENTED VALLEYS ; a IGd- 
summer Bamble among the Dolomites. By Amihtja b. Bdwabds. With a 
Slap and 27 Wood Engravings. l£ediam 8vo. 21i. 

The DOLOMITE MOUNTAINS; Excursions through Tyrol, Carinthia, 
Carniola, and Friuli, 1861-1863. By J. Gilbebt and G. 0. Cbubcbill, F.B.G.&f. 
With numerous Blustrattons. Square crown 8vo. 21s, 

The VALLEYS of TIBOL; their Traditions and Customs, and how 
to Visit them. By Miss B. H. Busk, Author of * The FoUcLore of Bome/ Sua, 
With Maps and FrontiBpieoe. down 8vo. 12s, Bd, 
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SOUBS of EZEECISE in the ALPS. Sy John TTin>Aix, LL.D. 

D.C.L. F.B.S. Third Edition, with 7 Woodcnts by B. Whymper. Crown 8vo. 
price 124. 6d. 

The ALPINE CLUB MAP of SWITZEBLAHD, with parts of the 
Neighbouring Conntries, on the Scale of Four Miles to an Inch. Edited by B. 
C. Nichols, F.S.A. F.B.G.S. In Fonr Sheets, price 42s. or mounted in a case, 
62s, 6d. Ea(^ Sheet may be had separately, price 12s, or mounted in a case, I5s, 

KAP of the CHAIR* of MONT BLAKC, from an Actual Survey in 
1863-1864. By Abaics-Bully, F.B.a.S. M.A.C. Published under the Au- 
thority of the Alpine Club. In Chromolithography on extra stout drawing- 
paper 28in. X 17in. price 10«. or mounted on canvas in a folding case, 12«. 6d. 

TBAVELS in the CEVTBAL CAUCASUS and BASHAH. Including 
Visits to Ararat and Tabreez and Ascents of Kazbek and Elbruz. By D. W. 
Fesshfield. Square crown 8vo. with Maps, Sac, 18s, 

PAXT and the P7BENEES. By Count Henbt Eussbll, Member of 
the Alpine Club, die. . With 2 Maps. Fcp. 8to. price 5s, 

HOW to SEE NOBWAY. By Captain J. B. Campbell. With Jilap 
and 5 Woodcnts. Fcp. 8vo. price 6s, 

GUIDE to the PYBENEES, for the nse of Honntaineers. By 

Gharlbb Faceb. With Map and Illustrations. Crown Svo. 7s, 6d, 

The ALPINE GUIDE. By John Ball, M.K.I.A. late President of 
the Alpine Club. 8 vols, post 8yo. Thoroughly Bevised Editions, with Maps 
and iQuatrations : — ^I. Western Alps, Ss, 6d, II. Central Alps, 7s, 6d. III. 
Eastern Alps, 10«. 6d. 

Introduction on Alpine TraTelling^ in General, and on the Geology 

of the Alps, price 1«. Each of the Three Volumes or Farts of the Alpine Guide 
ma.j be had with this iKTRODUcnoN prefixed, price Is. extra. 

VISITS to BEHABKABLE places : Old Ha]ls, Battle-Fields, and 
Stones lUustrative of StriMng Passages in English History and Poetry. By 
WiLUAM HownT. 2 vols, square crown 8yo. with Woodcuts, 26s. 

The BUBAL LIFE of ENGLAND. By the same Author. With 
Woodcuts by Bewick and Williams. Medium Sto. 12«. 6d, 

f 



Works of Fiction. 

WHISPEBS from PAIBTLAND. By the Et. Hon. E. H. Knatch- 
BULL-HuoBSSKir, M.F. Author of 'Stories for my Children,' 'Moonshine,' 
' Queer Folk,' &c. With Nine Illustrations from Original Designs engraved on 
Wood by G. Pearson. Crown 8to. price 6s, 

ELENA, an Italian Tale. By L. N. Comyk, Author of * Atherstone 
Priory.* 2 vols, post 8vo. 14*. 

OENTULLE, a Tale of Fau. By Dekys Shyne Lawlob, Author of 
' Pilgrimages in the Pyrenees and Landes. Post 8 vo. 10s. 6d, 

LADT WILLOUGHByS DIABT, 1685-^1668 ; Charles the First, the 
Protectorate, and the Bestoration. Beproduced in the Style of the Period to 
which the Diary relateB. Crown 8to. jnlce 7<. 6d. 
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TALES Of the TEUTONIC LANDS. By the Key. Gt. W. Cox, M.A. 
and E. H. Jo>*rs. Crown 8vo. 10«. 6d. 

The FOLK-LOSE of SOME, collected by Woid of Mouth from the 
People. By Miss B. H. Busk, Anthor of * Patrafias/ &c. Crown 8vo. I2s. 6d. 

NOVELS and TALES. By the Eight Hon. B. Disbaeli, M.P. 
Cabinet Edition, complete in Ten Yolumes, crown 8to. price £3. 



LOTHAIR, 6«. 

coningsbt, 6*, 
Sybil, 6«. 
Tancbbd, ds, 
Yeneha, 6«. 



Hknribtta Trmflb, 6«. 

CONTARINI FLBMINO, &C. Bs, 

Alrot, Ixion, &c. Os. 
The YouNO Dukb, &c. 6«. 

YlYIAN GBJET, 6s. 



The MODEBN NOVELIST'S LIBBAET. Each Work, in crown 8yo. 
complete in a Single Yolimie :— 

Atbbrstonb Pbiort, 2s, boards ; 2s. 6<Z. cloth. 
Meltillb'8 Oladiators, 2s boards ; 2s, 6d. cloth. 

Good for Nothing, 2s, boards ; 2s, 6d. clotb. 

HoLMBT House, 2s. boards ; 2s, 6d. cloUu 

— — INTBRPRETBR, 2s. boards ; 2s, 6d, cloth. 

Kate Coventry, 2s, boards ; 2s, 6d. cloth. 

■ Queen's Maries, 2s, boards ; 2s, 6d, cloth. 
— ^— — — DiGBY Grand, 2s. boards ; 2s, Od. cloth. 

General Bounce, 2s, boards ; 2s. 6d. cloth. 

TBOLLOPifs Warden, Is. ed. boards ; 2s. cloth. 

Barchbster Towers, 2s. boards ; 2s. Sd, cloth. 

Bramley-Moobb's Six Sistters of tfie Yalleys, 2s. boards ; 2s, 6d, cloth. 
The Burgomaster's Family, 2s. boards ; 2s, 6d, cloth. 

CABINET EDITION of STOEIES and TALES by Miss Sewell:— 



Amy Herbert, 2s, 6d. 

Gertrude, 2s. Gd, 

The Earl's Dauoster, 2s, Bd» 

EXPKRIENCE O/LIFE, 2s, 6d, 

Olxvb Hall, 2s, 6d. 



Ivors, 2s. 6d. 
Katharine Ashton, 2s, 6d. 
Margaret Percival, »«. 6d, 
Laneton Parsonage, Zs, 6d. 
Ursula, 3s, 6d, 



CTLLENE; or, the Fall of Paganism. By Hbnbt Snbtd, M.A. 
University College, Oxford. 2 vols, post 8vo. price Hi. 

BECKY'S OALLUS ; or, Boman Scenes of the Time of Augustus : 
with Notes and Excnrsoses. New Edition. Post 8vo. 7s, 6d, 

BECKEE'S CHAEICLES: a Tale illustratiye of Private Life among the 
Andent Greeks : with Notes and Excursuses. New Edition. Poet 8vo. Is, M, 

TALES of ANCIENT OEEECE. By Geobob W. Cox, M.A. lat# 
Scholar of Trin. Coll. Oxon. Crown 8vo. price 6«. 6d. 



Poetry and The Drama. 

TAUST: a Dramatic Poem. By Goethe. Translated into English 
Prose, with Notes, by A. Haywabd. Ninth Edition. Fop. 8vo. price Zs, 

KOOBE'S lEISH MELODIES, MacHse's Edition, with 161 Steel Plates 
from Original Drawings. Super-royal 8vo. Sis, 6d. 

Xiniatnre Edition of Moore's Irish Melodies, with Maclise's De- 
signs (as above) reduced in Lithography. Imp. 16mo. 10s. 6d. 
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BALLADS and LTBIGS of OLD PBAKCE; with other Poems. Bj 
A. Lang, Fellow of llerton College, Oxford. Square fcp. 8yo. price 6*, 

XOO£E*S LALLA BOOKH. TeDmel's Edition, with 68 Wood 
BngravingB from Original Drawings and other lUustrationB. Fcp. 4to. 21«. 

SOTTTHETS POETICAL WOBKS, with the Author's last Corrections 
and copyright Additions. Medium 8vo. with Portrait and Yignette, 14i. 

LAYS of ANCIENT SOME ; with IVBT and the AEMADA. Bj the 
Bight Hon. Lord Macauult. 16mo. 8«. 6d. 

LOBD MACATTLAyS LAYS of ANCIENT SOME. With 90 lUustra- 
tions on Wood, from the Antique, from Drawings by O. Sohabv. Fcp. 4to. 21«. 

Miniatnre Edition of Lord Maoanlay's Lays of Ancient Borne, 

with the niugfcrations (as above) reduced in Lithography. Imp. 16mo. 10«. 6d, 

The JENEID of VIBOIL TrsDslated into English Verse. Bj Johk 
CoNiNGTON, M.A. New Edition. Crown 8vo. 9s, 

HOBATII OFEBA. Library Edition, with Marginal Beferences and 
Bnglish Notes. Edited by the Bev. J. E. Yonob. Syo. 21«. 

The LYCIDAS and EFITAFHIUM DAMONIS of MILTON. Edited, 
with Notes and Introduction (including a Beprint of the rare Latin Version 
of the Lyddas, by W. H<^g, 1694), by C. S. Jeuram, M.A. Crown Svo. Bs. ed^ 

BOWDLEB'S FAMILY SHAKSFEABE, cheaper Genuine Editions. 
Medium Svo. large type, with 36 Wooocuts, price lis. Cabinet Edition, with 
the same Illustiultions. 6 vols. fcp. Svo. price 21«. 

POEMS. By Jban Ingelow. 2 vols. fcp. Svo. price lOs, 

Fmsrr Series, contaming ' Divided,' * The Star's Monumxnt,' &c. Sixteenth 

Thousand. Fcp. Svo. price 5s, 
Second Series, * A Stort of Doom,' * Gladys and her Island,' &c. Fifth 

Thousand. Fcp. Svo. price 6s, 

POEMS by Jean Ing^elow. First Srkies, with nearly 100 Illnstrations, 
engraved on Wood by Dalziel Brothers. Fcp. 4to. 2ls, 



Rural Sports, &c. 

DOWN the BOAD ; Or, Beminiscences of a Gentleman Coachman. 
By C. T. S. BiBCH Bbynardson. With Twelve Chromolithographic Illustra- 
tions from Original Paintings by H. Aiken. Medium Svo. INearly ready. 

The DEAD SHOT; or, Sportsman's Complete Guide: a Treatise on 
the Use of the Gun, Dog-brealdng, Pigeon-shooting, &c. By Marksman. 
Beviaed Bdition. Fcp. Svo. with Plates, bs, 

ENCYCLOPJBDIA of BUBAL SPOBTS ; a complete Account, Histo- 
rical, Practical, and Descriptive, of Hunting, Shooting, Fishing, Bacing, 
and all other Bnral and Athletic Sports and Pastimes. By D. r, Blains. 
With above 600 Woodonts (20 from Designs by John Lxich). Svo. 2\s, 
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The FLY-FISEEB'S EKTOXOLOGT. By Al^ed ItoNAiJ>s. With 
coloured Representations of the Natural and Artifidftl Insect. Sixth Bdition, 
-with 20 coloured Plates. 870. 14i. 

A BOOK on ANGLING ; a complete Treatise on the Art of Angling 
in every branch. By Fbaxcis Francis. New Edition, vrith. Portrait and 16 
' other Plates, plain and coloured. Post 8yo. 15s, 

WILCOCKS'S SEA-FISHESMAN ; comprising the Chief Methods of 
Hook and Line Fishing, a Glance at Nets, and Remarks on Boats and Boating. 
New Edition, with 80 Woodcuts. Post 8to. 12<. 6d, 

HOSSES and STABLES. By Colonel F. Fitzwyoram, XV . the King's 

Hussars. With Twenty-four Plates of lUustrationfl, containing very numerous 
Figures engraved on Wood. 8vo. 10^. 6cf. 

The HOBSE'S FOOT, and HOW to KEEP it SOUND. By VT. 

Miles, Esq. Ninth Edition, with Illustrations. Imperial 8vo. 12i. 6d, 

A PLAIN TREATISE on HOBSE-SHOEING. By W. Miles, Esq. 
Sixth Edition. Post 8vo. with Illustrations, 2s, 6<2. 

STABLES and STABLE-FITTINGS. By W. Miles, Esq. Imp. 8yo. 
with 13 Plates, Us, 

BEMABES on HOBSES' TEETH, addressed to Purchasers. By W. 
Mn^s, Esq. Post 8vo. Is. Bd, 

A TBEATISE on HOBSE-SHOEING and LAMENESS. By Joseph 
Gamgbb, Veterinary Surgeon. 8vo. with 65 Woodcuts, price 10«. 6d, 

The HOBSE: with a Treatise on Draught. By William Yotjatt. 
New Edition, revised and enlarged. 8vo. with numerous Woodcuts, 12^. 6d, 

The DOG. By Weluam Youatt. 8yo. with numerous "Woodcuts, 6*. 

The DOG in HEALTH and DISEASE. By Stonbhenob. With 70 
Wood Engravings. Square crown 8vo. 7s, 6d, 

The GBEYHOUND. By Stonehenoe. Eevised Edition, with 24 
Portraits of Greyhounds. Square crown 8vo. 10«. 6d. 

The OX ; his Diseases and their Treatment : with an Essay on Parturi- 
tion in the Cow. By J. B. Dobson. Crown 8vo. with lUustrations, 7s. 6d, 



Works of Utility and General Information. 

The THEOBT and PBACTICE of BANKING. By H. D. Macleod» 

H.A. Barrister-at-Law. Second Edition, entirely remodelled. 2 vols. 8yo. 80«. 

ITCTTLLOCH'S DICTIONABY, Practical, Theoretical, and Historical, 
of Commerce and Commercial Navigation. New and revised Edition. 8vo. 63«. 

The CABINET LAWYEB ; a Popular Digest of the Laws of England, 
Civil, Criminal, and Constitntional : intended for Practical Use and General 
Information. Twenty-fourth Edition. Fcp. 8to. price 9«. 



NEVr WOBES PTTBIISHISD BT LONOHAlirB AKi) CKX S7 



BLAGESTONE ECOKOKISED, a Compendium of the Laws of 
England to the Present time, in Fonr Books, each embracing the Legal Prlnoipleg 
and Practical Information contained in their respectiYe volumes of Blackstone, 
supplemented by Subsequent Statutory Enactments, Important L^;al Decisions, 
&c. By D. M. AnuD, Barrister-at-Law. Berised Edition. Post 8yo. 7«. 6d. 

PEWTNEB'S COUFEEHENSIVE SFECIEIEE; a Guide to the 
Practical Specification of every kind of BuHding-Artiflcers* Work, with Forms 
of Conditions and Agreements. Edited by W. YoxnrCt. Crown 8vo. 6«. 

C0LLIEBIE8 and COLLIEBS ; a Handbook of the Law and Leading 
Cases relating thereto. By J. C. Fowleb. Third Edition. Fcp. 8vo. 7s, 6d. 

HINTS to HOTHEBS on the MANAGEMENT of their HEALTH 

during the Period of Pregnancy and in the Lying-in Boom. By the late 
Thomas Bitll, M.D. Fcp. 8vo. 55. 

The MATEENAL MANAGEMENT of CHILDBEN in HEALTH and 

Disease. By the late Thomas Bull, M.D. Fcp. 8vo. 5s. 

The THEOBY of the MODEBN SGIENTIEIG GAME of WHIST. 

By WniiZAM Polb, F.B.S. Fifth Edition, enlarged. Fcp. 8yo. 2s, 6d, 

CHESS OPENINGS. By P. W. Longman, Balliol College, Oxford. 
Second Edition revised. Fcp. 8vo. 2s. $d, 

THBEE HTJNDBED OBIGINAL CHESJS FBOBLEMS and STUDIES. 

By Jambs Piercb, M. A. and W. T. Peebcb. With numerous Diagrams. Square 
fcp. 8yo. 7s. 6d. Supplement, price 2^. 6d, 

A PBAGTIGAL TBEATISE on BBEWING ; with Formulse for Public 
Brewers, and Instructions for Private Families. By W. Black. 8to, 10«. 6<2. 

MODEBN COOKEBY for PBIVATE FAMILIES, reduced to a System 
of Easy Practice in a Series of carefully-tested Becdpts. By EuzA Acton. 
Newly revised and enlarged ; with 8 Plates and 150 Woodcuts. Fcp. 8vo. Ss, 

MAXTNDEB'S TBEASTJBT of KNOWLEDGE and LIBBABY of 

Beference ; comprising an EnglishDictienary and Grammar, Universal Gazetteer, 
Classical Dictionary, Chronology, Law Dictionary, a synopsis of the Peerage 
useful Tables, &c. Bevised Edition. Fcp. 8vo. 6s, cloth, or 10s. calf. 



Knowledge for the Young. 

The STEPPING-STONE to KNOWLEDGE; or upwards of 700 
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Hundred Questions and Answers on Geographical Subjects. 18mo. Is 
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AsBwers on the History of England. 18mo. li. 
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Questions en the Science ; also a short History of Music. 18mo. li. 

The STEPPING-STONE to NATUBAL HISTOBY: Vbbtebratb ob 
Back-boxed Animals. Past I. Mammalia; Part II. Birds, Rt^tiles, 
Fishes, 18mo. li. each Part. 

THE STEPPING-STONE to ABCHITECTUBE ; Questions and 
Answers explainmg the Principles and Progress of Architecture from the 
Earliest Times. With 100 Woodcuts. 18mo. Is. 
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